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lll 
The Ayuquila River watershed is important to western Mexico because of its 
biodiversity, physiography, fisheries resources, and water production. However, human 
activities are continuingly affecting natural resources within the basin. Soil erosion, as 
result of land use change, agriculture in steep land, extensive grazing activities and forest 
fires; and water diversion and pollution of the Ayuquila River are two relevant issues that 
have affected the natural resources of this watershed. 
This river system plays an important role in wildlife conservation, containing 29 
fish species, of which 12 are found inside the BRSM. The River also contains nine 
species of crustacean, one that is endemic to Jalisco State. The otter (Lontra 
longicaudis), a species threatened within the BRSM, is found in the Ayuquila-
Armeria River watershed. 
This research focused on the reduction of river pollution and the reduction of 
negative impacts of water pollution delivered to those communities, some of the poorest 
in the state of Jalisco, that live downstream of the valley. This research was also 
designed as a way to increase the knowledge of soil erosion processes and water quantity 
IV 
and quality in tropical environments and to test and develop new tools that might 
facilitate parameter estimation and predictive capabilities within the Ayuquila River 
watershed. Research efforts in this dissertation had focused on the development of new 
scientific information about point and nonpoint-source pollution within the Ayuquila 
River based on three main research studies, the investigation into trail erosion, the 
production of an erosion sensitive map, and documenting and modeling water quantity 
and quality in the Ayuquila Watershed. 
Major concerns that this research seeks to contribute a solution, is to reduce 
negative impacts on public health, degradation in fisheries resources as source of local 
food supply, domestic water supplies for those communities, some of the poorest in the 
state of Jalisco, that live downstream the valley and that do not receive any benefit from 
the economic development of the Autlan- El Grullo Valley. 
Results from the commercial trail study, with sediment productions close to 100 
ton/ha/yr, showed the importance of the application of conservation practices to reduce 
the potential erosion from commercial trails in my study area and potentially other 
tropical forests of Latin-American. The WEPP model used to predict soil erosion in the 
tropical mountain environments of Mexico was shown to be an adequate tool even with 
WEPP's limitations for tropical soil environments. WEPP effectively contributed to the 
estimation of sediment plume production on trails, detected vegetation type differences in 
runoff and soil erosion, predicted the amount of rainfall as runoff well, and adequately 
developed soil erosion sensitive maps. Water diversion and pollution within the Ayuquila 
River are important sources of disturbance in the ecological conditions of riparian 
ecosystems. These two impacts cause a potential break in the ecological continuity of 
v 
the Ayuquila River. Water quantity and quality modeling will provide opportunities for 
discussion and analysis of alternatives to water management and possible impacts to the 
nver. 
(191 pages) 
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CHAPTER 1 
INTRODUCTION 
Jalisco State, Mexico by its complex physiographic characteristics, climatic 
variety and boundary between the Nearthic and Neotropic biogeographic provinces, has 
an extraordinary biological diversity that sets it among the six most biologically diverse 
states in Mexico (Flores and Gerez, 1988). 
The Ayuquila-Armeria River (The River) is the largest drainage basin in Colima 
State and the second largest in Jalisco State. The importance of the Ayuquila-Armeria 
River as a water producer and as a source for fish resources has been known since the 
l 61h century (Aguero , 1878). Today , this River continues to provide water and fishery 
resources to 22 municipalities in both states . The Ayuquila-Armeria is the northern limit 
of the Biosphere Reserve Sierra de Manantlan (BRSM) , which is the most important 
protected area for natural resource richness in western Mexico (Figure 1-1 ). 
This River system plays an important role in wildlife conservation , containing 29 
fish species , of which 12 are found inside the BRSM . The River also contain s nine 
. species of crustacean , including one that is endemic to Jalisco State (Navarro , 1987). 
The otter (Lontra longicaudis), a species threatened within the BRSM , is found in the 
Ayuquila-Armeria River watershed (Martinez et al ., 2000) . 
Additionally , the Ayuquila River watershed is an important source of both 
drinking water for 80,000 inhabitants and irrigation to nearly 12,000 ha. In spite of the 
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importance of the Ayuquila River , water quality is continually impacted by industrial 
wastewater pollution, urban wastewater, and flow reduction by irrigation . Water 
pollution of the Ayuquila River is a complex problem (Santana et al., 1993). It is closely 
related to the social and economic development of the region . One of the more 
important point sources of pollution is the sugar cane industry. Sugar cane comprises 
80% of the agricultural production in the lowland valleys, and it is the principal source of 
economic development to a population of 75,000 in the region . Stream flow reduction 
by widespread irrigation use coupled with direct discharge of urban wastewater from El 
Grullo and Autlan cities with populations of 20,000 and 40,000 inhabitants respectively, 
increase dramatically the level of water pollution within the system. These larger cities 
in the valley discharge around 200 liters per second (lps) of wastewater. Additionally, 
several smaller communities with a population of 15,000 inhabitants also discharge 
wastewater directly into the River. 
Background 
Description of the study area 
Physical description of the watershed 
The Ayuquila River drains a 3900 km2 watershed with a channel length of 150 
km. A total of 595 km2 of this area of its length is located within the boundaries of the 
BRSM . Ayuquila has two principal tributaries, the San Juan Cacoma and Ayutla Rivers. 
It also receives flows from other , smaller tributaries such as the El Coajinque, El Colomo , 
La Yerbabuena and Manantlan. Flows from the Ayutla River are controlled by the 
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Tacotan and Trigomil dams. discharge from the Ayutla into the Ayuquila depends on 
the water irrigation distribution program for each dam. 
The area of study is located between 19° 26' 43" and 20° 04' 31" latitude north 
and 103° 56' 53" and 104° 42' 51" longitude west. The study area is part of the 
province of Sierra Madre de! Sur, subprovince of the Sierras de Las Costas de Jalisco y 
Colima, which include Sierra de Tapalpa, Sierra de Cacoma and Sierra de Manantlan. It 
is characterized by contrasting geomorphology. Uplands of the watershed have 
mountainous relief with soils dominated by volcanic ash and valley systems are gently 
sloping, formed from alluvium and piedmont sediments (CNA, 1991). 
The largest continuous alluvial valley is called the Autlan - El Grulla and covers 
160 km2. Average elevation for the valley is 900 m with a gentle slope (CNA, 1991). 
Valley soils are generally classified as Feozems , Fluvisols and Yertisols using the FAO 
classification system (INEGI, ! 980a), presenting a variability in soil properties including 
sandy soils , poorly drainage and salinity problems. Upland soils formed on steep slopes 
are generally shallow and sandy with characteristic low fertility and are quickly drained . 
Upland soils are classified as Regosols and Lithosols . On some moderately sloped sites, 
Cambisols or forest soils like Acrisols may develop (INEGI , I 980a). 
The geology is dominated by volcanic rocks in the northern and northwestern 
mountains, with extrusive igneous rocks , granite , and tufa . In the east tufa, extrusive 
igneous rocks and sedimentary material predominate . The southern part of the watershed 
is geologically variable and it is possible to find extrusive and intrusive igneous rocks and 
sedimentary material composed of limestone, conglomerates, gypsum and sandstone-
conglomerates (INEGI, I 980b ). 
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Martinez et al. ( 1992), classified the principal valley as a warm semiarid climate . 
Mean annual precipitation (MAP) and temperature (MAT) in this valley are 800 mm and 
22°C, respectively. Uplands are considered to be a warm semihumid climate, with MAP 
and MAT of 900 mm and 22°C, respectively. In the southwestern portion of the 
watershed, the climate is more temperate with precipitation varying between 1000 - 1500 
mm and temperature varying between 16 - 20°C. 
Relevance of the area for natural resources conservation 
Biotic resources 
Our watershed of interest falls within the Biosphere Reserve Sierra de Manantlan, 
the most important protected land in western Mexico due to its biodiversity and resource 
richness. Ecologically, the watershed lies within the transition between two 
biogeographic provinces, the Neartic and the Neotrophic. This transition results in a large 
array of ecosystems with associated floral and fauna! diversity. Vegetation types may 
include tropical deciduous forest , tropical sub-deciduous forest , oak forest , pine-oak 
forest , pine forest , fir forest , mountain mesophytic forest , secondar y vegetation (shrubs 
and herbaceous) and grasslands (Jardel , 1992). The Sierra de Manantlan has 2900 species 
of vascular plants that have been identified and classified and they represent 3 5 - 40% of 
the vascular plants of Jalisco State. One example of these endemic species is the 
perennial "teosintle " (Zea diploperennis), a wild relative of cultivated com. This com 
resists seven of the most dangerous diseases of cultivated com. Within the Sierra de 
Manantlan 110 species of mammals, 336 birds, 85 reptiles and amphibians, 238 insect 
families, and 7 orders of arachnids coexist (INE, 2000) . 
The Ayuquila River falls within the Pacific Region relative to aquatic resources 
5 
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The Ayuquila River falls within the Pacific Region relative to aquatic resources 
and contains 8 families and 14 species of fish. Two species are endemic to the watershed, 
Poeciliposis baenschi and Allondontichthys zonistius (Santana et al., 1993). Nine species 
of crustaceans exist in 4 families and 4 genera and include Macrobrachium (river 
lobster), Atya and Cambarellus (river shrimp) and the genus Pseodothelphusa (crab). 
(Navarro et al, 1990) 
The River is a haven for aquatic birds that include herons (Area herodias), 
kingfisher (Ceryle torquata), cormorant (Phalacrocorax olivaceus) and dabchicks 
(Tachybaptus dominicusj. Raptors exist along the riparian corridors throughout the 
canyons (Navarro et al., 1990). One of the largest mammals within the biosphere 
reserve, the otter (Lontra Jongicaudis) , survives within the Ayuquila watershed but is a 
threatened species. Other important terrestrial animals rely on the River as a water 
source, e.g., raccoon (Procyon lotor), fox (Urocyon cinnerargenteus), and iguana 
(Ctenosaura pectinata) (Santana et al., I 993). 
Physical resources. 
A population of 25,000 inhabitants of the valley depends upon the surface water 
of the watershed for drinking. More than 50,000 use ground water as their potable 
supply. The watershed supplies water for 12,000 ha of irrigated land at present and this 
figure is expected to increase to 18,000 ha when all irrigation infrastructure is finished. 
The large number of streams and springs in the system provides a significant recreation 
resource as well. Scenic beauty and abundant water provide prime camping and picnic 
areas. 
Natural resource conservation problems 
Pollution 
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Santana et al. ( 1993) described the principal sources of pollution within the 
Ayuquila River and watershed as domestic wastewater and garbage from the cities of El 
Grullo, Autlan and other small towns; sugar cane industrial wastewater; and the residues 
of fertilizers and pesticides from agriculture. 
Total discharge from domestic wastewater out of the cities of El Grullo (20,000 
inhabitants) and Autlan (40,000 inhabitants) and other small towns is not well 
documented. Santana et al. (1993) found this effluent to contain human and food wastes, 
chemical substances, unidentified solids, parasites, bacteria and detergents. 
Discharges from the sugar cane industry are composed of process water used to 
rinse the cane , water for cooling and cleaning processing machines , effluent from the 
manufacture of sugar cane syrup and water containing the products of combustion. 
Industry leaders state that chemical effluents used in the cleaning process , containing 
primarily caustic soda, are not directly discharged in the Ayuquila River. However, 
reports of massive fish and shrimp dieoffs occur two to five times a year. Poisoning 
incidents coincide with the dates that the sugar cane industry cleans their processing 
machines. Lack of systematic water quality analysis limits the ability to prove cause and 
effect (Santana et al., 1993). 
Pesticides and fertilizers are used intensively to maintain agricultural production. 
Farmers employ liquid fertilizer (anhydrous ammonia) that can be easily transported by 
overland flow or leached into groundwater. Herbicides are used to control weeds in 
irrigation channels. Specific water analyses are necessary to determine the sources of 
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pollution and distinguish between fertilizers and herbicides. 
Based on water analyses made by the Mexican government, Santana et al. (1993) 
summarized some indicators of the water quality of the Ayuquila River during the year 
using the standards of Regulations for Prevention and Control of Water Pollution from 
the Federal Law for Environmental Protection, World Health Organization (Kemmer and 
McCallion, 1982), and the American Public Health Association (APHA , 1985; Gordon et 
al. , 1971 ). Hardness of the Ayuquila, as indexed by the concentration of magnesium and 
calcium was moderate to very hard. Total suspended solids (TSS) and total dissolved 
solids (TDS) were higher than permissible limits (500 mg/I and I 000 - 2000 mg/I all year, 
increasing during the rainy season to 5860 mg/ I TSS and 5170 mg/I TDS, respectively . 
Color averaged over 5 color units during the year, but sometimes climbed to 750 units 
during the rain y season. Iron contents in water during June , July and October increased 
to toxic levels with concentrations of 2.73 , 4.0 and 8.3 mg/I respectively , surpassing the 
permissible limits of 0.3 mg/ I for drinking water and 0.4 mg for aquatic flora and fauna . 
Fecal coliform are continuously increasing and humans are considered at risk for disease . 
Turbidit y (NTU) increased during the rainy season to 176 units, higher than the 
permissible limit of 5 units. Ammonia -nitrogen levels surpassed the limits for drinking 
water (0.5 mg/I) and flora and fauna development (1.5 mg/I all year, showing peak levels 
during January (23 mg/I) and June ( 46 mg/I). Table 1-1 illustrates some of the principal 
effects of pollution in the Ayuquila River to the human population and aquatic resources . 
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Flow reduction of the Ayuquila River 
Water use for irrigation averages 70% of the total annual flow volume and 
increases to 97% during the dry season (Santana et al., 1993). This reduction in flow 
volume destroys the habitat of aquatic fauna (Navarro, 1987; Lyons and Navarro, 1990). 
Storing and redistributing water for irrigation purposes represents a problem at the 
same level as water pollution. Of greatest importance is the reduction of aquatic habitat 
and restricted movement of migratory species like trout (Agonostomus monticola), "el 
Jalmichi" (Awaous transdeanus) and crustaceans from the genus Macrobrachium. 
Secondly , a reduction in total flow volume concentrates the pollution in the Ayuquila 
River (Santana et al., 1993) and reduced flows promote the proliferation of water 
hyacinth (Eichornia crassipes) causing turbidity and oxygen concentration changes in the 
aquatic ecosystem . 
Upland agriculture and livestock grazing 
A major portion of agricultural effort in Mexico is concentrated over low 
productivit y uplands and it is considered an inefficient use of the natural resources. It is 
primarily subsistenc e agriculture , cultivatin g principally corn and corn associated with 
beans or pumpkins . This production system occurs on steep slopes (> 20%) supporting 
shallow soils of low fertility . It is a traditional production system where farmers slash and 
burn existing vegetation and cultivate using draft animals. It is commonly practiced 
throughout the Ayuquila watershed. Accelerated erosion occurs with this system, though 
no studies exist that document this soil degradation process. 
Producers graze cattle in an extensive way. Cattle graze beneath the forest canopy , 
often to excess . Forest vegetation is burned to establish pasture lands for cattle . Livestock 
9 
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often to excess. Forest vegetation is burned to establish pasture lands for cattle. Livestock 
are grazed on the uplands with concomitant problems, like compactation and erosion. The 
practice of burning plant residues after grazing occurs during April and May, and often 
leads to very destructive forest fires. 
Table 1-1. Water pollution effects on the Ayuquila River resources and npanan 
population (Santana et al., 1993). 
Fishing resources: 
a) Reduction of fish species destined to human consumption as a source 
of protein. 
b) Income reduction by loss of commercial fish species. 
c) Fish , crustaceans , mollusk and insects die-offs . 
Aquatic organisms : 
a) Reduction of the population of aquatic fauna. 
b) Risk of extinction of local species . 
c) Habitat degradation . 
d) Increased recurrences of parasite and fungal attack. 
Public health : 
a) Gastrointestinal illness from drinking river water. 
b) Skin and respiratory illnesses. 
c) Lack of availability of water for domestic use by its color, taste and 
odor. 
Domestic animals: 
a) Cattle abortion . 
b) Cattle death by poisoning. 
c) Death of domestic animals (chicken, pigs, etc.) 
Recreation: 
a) Loss of places to recreate by severe degradation. 
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removal of the vegetal cover and reduction of habitat, accelerated erosion and land 
degradation, increased incidence of flooding, sediment pollution and the occurrence of 
damaging wildfire. 
Socioeconomic conditions 
Five municipalities are sources of pollution in the Ayuquila watershed. Autlan, El 
Grullo, El Limon, Tuxcacuesco, and Toliman . These communities have a combined 
population of 80,000 inhabitants. However, 64% of the population is concentrated in two 
municipalities, Autlan with 40,000 and El Grullo with 20,000 inhabitants . The rest of the 
population is dispersed throughout small communities . Tuxcacuesco and Toliman are 
included on the list of the twenty poorest municipalities in Jalisco State (Graf, 1995). 
The Autlan-El Grullo Valley is characterized by irrigated agriculture with high 
values such as sugar cane, tomatoes , and forage crops . Communities located downstream 
of the valley are exemplified by subsistence agriculture limited by the agro-ecological 
conditions of the land. Livestock and fishing complement family income on a small scale, 
though much of the family income depends on employment outside of the community . 
Fishing is very important for food and at times essential for the survival of local 
communities that live along the River. Figure 1-2 shows how relevant fishing is 
principally for those communities located within Biosphere Reserve . 
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The sugar cane industry had represented one of the most important employment-
sources for the regional economy during the last 15 years for both the Autlan and E 1 
Grullo cities. However , this activity has added to the fast growth of the Autlan-El Grullo 
population . This has resulted in serious river resource degradation affecting the potential 
for economical development of communities that rely on these resources. 
The local inhabitants of the downstream communities have organized the 
"Committees for the Defense of the Ayuquila River" in order to look for help to control 
river pollution. These communities have asked the University of Guadalajara for support 
in the diagnosis of pollution problems and to serve as a liaison with governmental 
authorities. 
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Soil erosion in the tropics 
Tropical regions are those lying within the Tropics of Cancer and 
Capricorn, about 23.5° north and south of the equator (Lal, 1987) . The tropics cover 
approximately 40% of the earth ' s surface, receive over half of the world's total rainfall, 
has 625 of the world's agricultural population and contain at least 535 of the potentilly 
cultivated land area of the world . However, for tropical region as a whole, 64% of the 
land area is influenced by drought, 34% by steep gradient (>30%), and 2%& by shallow 
topsoils (Lal, 1999). In addition, the tropics are also distinguished by low yield, high 
rate of soil degradation followed by drastic decline in soil productivity, widespread 
poverty, malnutrition and low standars of living (Lal , 1987). 
NRC (1993) estimated that relative distribution of the humid tropics includes 
about 45% in the Americas, 30% in Africa , 25% in Asia, and only a small fraction in the 
Oceania and Pacific islands . Humid tropics are the climatic regions where mean 
monthly temperatures are consistently high and exceed I 8°C throughout the year, and 
where rainfall exceeds evapotranspiration for at least 270 days in a year (Salati and Vose , 
1983; Lugo and Brown, 1991 ). 
Soils in the tropics are highly diverse, depending on geology, geomorphology, 
vegetation and rainfall pattern (Lal, 1987). From the different tropical soils, Oxisols are 
the predominant soils of the humid tropics and occupy 35.3% of the total land area. These 
are old, highly weathered, acidic, permeable, and well-drained soils and occur in regions 
without a marked dry season; Ultisols are soils similar to Oxisols but are relatively less 
weathered and younger , and occupy 27. 7% of the humid tropics. These soils occur in 
regions with isotherms between 25° and 28°C , with annual rainfall between 1500 and 
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2000 mm, and in warm humid climates with a marked seasonal deficit of rainfall; 
Inceptisols occupy about 15.2% of the land area in the humid tropics, these are young 
soils, but they have distinct horizonation and are very fertile; Entisols cover about 14.2% 
of the humid tropics. oung soils but without distinct horizonation. These soils are 
generally featureless because of the shorter time they have had to form distinct 
characteristics or because they have been formed on relatively inert parent material; other 
soils less dominant are Alfisols, Histosols , Spodosols, Mollisols, and Vertisols (Lal, 
1995) . 
Causes for severe erosion in the tropics 
Erosion is the primary force causing soil degradation in the tropics (El-Swaify, 
1990). Soil erosion is a natural and inevitable process that can become a serious 
environmental and economic problem when it is accelerated by human activities (Mar et 
al., 1998). Soil erosion by water involves detachment and transport of particles by 
raindrops and by run-off , followed by deposition (Barthes et al., 2000) . Soil erosion and 
transport is a complex process that is influenced by soil type , topography , climate and 
land use (Mar et al., 1998) . 
Several factors responsible for erosion induced soil degradation in the tropics 
could be grouped in Exogenous (climate, soil properties, landscape) and Endogenous 
(Deforestation , overexplotation of natural vegetation, overgrazing, excessive tillage, 
burning, monoculture, lack of crop residue mulch, no-input or subsistence agriculture) 
(Lal, 1999) . 
Climate factors are principally defined for rainfall, where in tropics rain 1s 
characterized by high intensity (Mikhailova et al., 1997) . Lal and Elliot (1994) attest to 
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the more torrential and erosive nature of rainstorms in tropical environment as compared 
to temperate climates. Soil erosion by rain is determined by two process, erosivity 
(capacity to produce erosion) and erodibility (susceptibility to be eroded) . Erosivity of 
rainfall is influenced by drop size distribution and intensity of the rain , amount and 
frequency of the rain , runoff amount and velocity. Susceptibility of soils to erosion, soil 
erodibility is determined by inherent soil properties , e.g ., texture, structure , soil organic 
matter content , clay minerals , exchangeable cations y water retention and transmission 
properties (Lal , 2001) . Erosion reduces forest productivity mainly by decreasing the soil 
water availability as a result of the changing the water -holding capacity and the 
thickness of the root zone (Swanson et al., 1989). In addition erosion removes plant-
available nutrients , degraded soil stru cture , remove organi c surface material promoting 
sealing and crusting , decrease infiltration and finally erosion result in a loss of important 
soil biota (Elliot et al., 1999). Lal (2001) details that erosional effects on productivity is 
caused by three interacting effects , short term productivity effects (loss of seedling , crop 
yield, water , fertilizer , etc) ; Long-term productivity effects (loss of topsoil, decline in soil 
structure, decrease in soil organic matt er content , reduction of water content capacity , 
etc) and reduction in land/soil quality (temporary decline of soil quality and transient 
pollution of surface water by sediment-born chemicals). Lal (1995) estimated that crop 
yield reduction of 2-5% per millimeter of soil loss and reported that crop yield reduction 
due to past erosion in Africa ranges from <2% for slight erosion to 40% for severe 
erosion. 
From the endogenous factors that cause erosion, deforestation is a major fact 
affecting soil erosion and global land degradation (Oldeman, 1994). For example, 
16 
Malaysia, the rate of soil erosion increased from 0.24 t ha-1yr-1 under natural forest to 4.9 
t ha-1y( 1 in areas of mature coffee, to 7.32 t ha-1yr-1 in areas with cultivated vegetable 
crops (Mar et al., 1998). F AO (1992) estimated that the rate of deforestation is 17 
million ha/yr. The rate of deforestation increased from 0.6% in the 1980s to 0.8% in the 
1990s. The deforestation rate is highest in Asia (1.2%/yr), followed by Latin America 
(0.9%,/yr) and Africa (0.8% ,/yr) (Table 7). The regional rate of deforestation is in the 
order of West Africa (2.1 %/yr)>Central America and Mexico (1.8%/yr) > southeast Asia 
( 1.6%/yr) > Africa (1.2% ,/yr) (WRI, 1993). 
Deforestation may lead to a deterioration of the soil and its associated biophysical 
attributes, for example, as nutrients as depleted and organic matter oxidized, the 
biochemical structural bonds are weakened. Plowing , hevy traffic and grazing continue 
to break down the peds, compacting the soil, decreasing infiltration , increasing overland 
flow and increasing erosion (Trimble , 1990) Table 1-2 shows the possible impact of 
deforestation and biomass burning in soil fertility . It can be said that as vegetation cover 
decreases , the erosional potential of the soil ordinarily increases. 
One important aspect to consider in the tropics is the lack of understanding of the 
mechanism of erosional impact on productivity , especially in soils of the tropics for 
which the data are sketchy and incomplete . Impact of soil erosion in productivity varies 
among soils , land use and farming systems , and ecoregional factors related to climate 
(Lal , 1999). 
Soil erosion in Latin-America 
Latin America and the Caribbean account for 8% of the world's population , they 
have 25% of its potential arable land, over 40% of its tropical forests, 23% of total 
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livestock and some 30% of freshwater reserves (FAO, 2002). Within Latin-America, 
most of the deforestation - over 85%- takes place in the Amazon Basin of South 
America. However, the highest rates of deforestation are reported in Mexico and Central 
America, where relatively few remaining primary forests remain (F AO, l 993a). 
Table 1-2. Possible effects of land clearing and biomass burning on soil chemical and 
nutritional properties (Lal, 1995) 
•w• ___ ,.__._ ·-w _._,. ___ .,._ 
-····-·-----.,--,(···-··--·-··--········ 
;Soil property Biomass burning Biomass 
removal 
· Windrow Non-windrow '.In situ 
,zone zone ;burning 
··-,-
-----·-· "'~ ---- -- . - --, ----·-"· ---·-- --~-~--~----~··· 
Soil organic carbon Increase* Decrease Increase Decrease 
20-30% (10-20%,) 5-10% (5-10%) 
Soil pH Increased Decrease Increase Decrease 
1-2 unit (0.2-0.5 unit) 0.5-1 unit (0.2-0.5 unit) 
Total acidity Decrease Increase Decrease Increase 
(50-60%) 5-10% (10-20%,) 10-20% 
Exchangeable cations Increase Decrease ·Decrease Decrease 
8-10 times (10-20%) (50-100%) (10-20%) 
:Base saturation Increase Decrease 'Increase Decrease 
·-----------··-·-
:so-60% 
' 
·cs-10%) 10-20% (5-10%) 
Al and Mn :Decrease Increase Decrease Increase 
concentrations 
(10 20%) 5-10% (5-10%) 5-10% 
Available P Increase Decrease Increase .Decrease 
·-··,-.- -· --- . ·-· 
4 10 times (5 10%) 1 2 times (5-10%) 
Total N Decrease Decrease Decrease Decrease 
(5 10%) (2 5%) (2 5%) (5 10%) 
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An study developed in five countries (Argentina, Bolivia, Brazil, Chile and 
Paraguay) of Latin-America shows high rate of land degradation with 202 million 
hectares (mh) divide in 53 mh in Argentina representing 19 % of total land , Bolivia with 
13 mh, 12 % of total area, Brazil with 126 mh, 15% total surface, Chile with 7 mh, 
representing 10 % y Paraguay with 3 mh, 8 % of total land of five countries. Main 
causes of soil degradation are: 40% of land degradation is caused by deforestation, 
following by agriculture practice (30%), overgrazing (25%) and overexploitation for 
domestic use with 6%. Deforestation is main cause of 51 % of chemical degradation, 
with loss of nutrients and soil acidification and also responsible for the 40 % of soil 
erosion by water by the lack of vegetation cover. In dry climates , deforestation is 
responsible for the 9% of wind erosion (F AO, I 993b ). 
Mexico is considered a mountainous country , with 52% of the land resources over 
900 m in elevation and 30% in valleys (Bassols, 1979). Soil erosion in Mexico has 
increased drastically in the last 50 years. In 1945, 45% of Mexico was seriously affected 
by soil erosion (Posner, 1982) in 1975, 80% (Andrade, 1975) and at the end of the 
eighties, Geissert and Rossignol ( 1987) indicated that 86% of land had moderate to 
severe soil erosion. Land degradation in Mexico is reported to increase at a rate of 
I 00,000 to 200 ,000 ha/yr (Ortiz et al., 1994) with a national average erosion rate of 2.8 
ton/ha/yr and an estimation of 40 ton/ha/yr erosion (Enriquez, 1993) . Every year Mexico 
loses approximately 150,000 to 200,000 ha of agriculture land to land degradation. In 
last 30 years , Mexico has lost more soil that in all of its previous history (Mass and 
Garcia-Oliva, 1990). 
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Purpose of This Research 
This research was designed as a way to increase the knowledge of soil erosion 
processes and water quantity and quality in tropical environments and test and develop 
new tools that could facilitate parameter estimation and predictive capabilities within the 
Ayuquila River watershed. 
This research attempts to contribute to arresting nver pollution through 
documenting the impacts of point-source pollution and water diversion on the aquatic 
resources of the Ayuquiia River. This research seeks to provide data that can be used to 
e a solution , is to reduce negative impacts on public health , degradation in fisheries 
resources as source of local food supply, domestic water supplies for those communities , 
some of the poorest in the state of Jalisco , that live downstream the valley and that do not 
receive any benefit from the economic development of the Autlan- El Grullo Valley . 
Public concern over the loss of aquatic resources has helped spur community 
effort s to develop improved management strategies for the River. However , a lack of 
information about the extent and magnitude of the degradation and limited availability of 
information about the mechanisms by which degradation has taken place have hampered 
these efforts . Providing scientific information about river degradation to local 
communities , local municipalities and state and federal agencies will facilitate the 
knowledge and understanding of the magnitude of the pollution problem that might 
generate a positive dynamic for joint efforts toward the development of alternatives for 
water management in Ayuquila watershed. 
This research will be an integral part of the planning process of the Ayuquila 
Watershed toward conservation and future development of the area . Information and 
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tools developed from this investigation will facilitate the analysis of point source 
pollution, soil erosion processes within the watershed and development of alternatives for 
best management. Figure 1-3, shows chapter's integration in the context of Ayuquila 
Watershed. 
Goals and Objectives 
Goals 
1). Contribute to the understanding and importance of soil erosion from commercial 
trails in tropical environment, and predictability based on sediment plume production 
and soil erosion modeling using the Water Erosion Prediction Project (WEPP). 
There are few reports of trail erosion in Latin America and none reported for Mexico; 
considering that this country has 75 % of his territory located in a mountains 
environment, and also considering that trails are an important source of communication, 
movement of agriculture products and livestock in mountainous areas, this research is 
truly innovative towards the study of trail erosion and its potential source of sediment 
delivered to water courses. 
2) Assessing water erosion usmg the WEPP model coupled with Geographic 
Information Systems (GIS) to identify erosion sensitivity within a watershed. 
Identification of degraded lands and erosion sensitive areas is a necessity in Mexico to 
focus federal and state efforts towards the prevention and control of soil erosion on steep 
lands. Because research efforts to study erosion processes surrounding the impact 
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of human activities require several years to provide valid scientific information , and due 
to the limited funding for research in developing countries, predictive tool enhancement 
or development that facilitates decision-making of watershed managers about the 
management of natural resources is critical. The combination of WEPP and GIS and 
their modeling capabilities provides a valuable approach for identifying and ranking 
critical non-point source pollution areas on Ayuquila Watershed . 
3) To document the impacts of point source pollution on water quality in the Ayuquila 
River and modeling the dynamics of water quantity and quality to contribute to the 
investigation of water management alternatives in this watershed. 
Identification of new research efforts for the control of pollution and water diversion 
is also an important consideration within the scope of this research . In addition , because 
there are few non-governmental studies in Mexico about water quality monitoring and 
modeling , a further goal was to extract general lessons from this experience to help other 
communities, in Mexico and abroad , to develop similar studies. 
Objectives 
1) Evaluate the response of the WEPP erosion prediction model relative to changes in 
input parameters and determine the most important parameters that alter outputs from 
the model. 
This is critical for tropical and subtropical systems in developing countries where 
available information is limited . This effort will focus the collection of information to 
those parameters that contribute most to the erosion process modeled by WEPP. 
2) Identify and model areas that may be susceptible to erosion on an Ayuquila 
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2) Identify and model areas that may be susceptible to erosion on an Ayuquila 
subwatershed. 
3) Model soil properties as they related to erosion potential for pedestrian and animal 
pathways in tropical forest soils. 
4) Develop annual loading estimates, segregated by source and season and understand the 
dynamics of point-source pollutants in the Ayuquila River across space and time. 
References 
Aguero, F., 1878. Descripcion de Zapotitlan, Tuscacuesco y Cuzalapa (1579). In: 
Noticias varias de Nueva Galicia, Intendencia de Guadalajara. pp 282-321. 
Andrade, A. 1975. La erosion. Fondo de Cultura Economica. 63 P. 
APHA, A WWA and WPCF. 1985. Standard Methods for examination of Water and 
Wastewater. American Public Health Association. American Water Works 
Association and Water Pollution Control Federation. 161h editon. 1268 p. 
Bassols , A. 1979. Recursos Naturales de Mexico . Editorial Nuestro Tiempo. 1 Oa. 
Edicion. pp.59 - 63. Mexico . 
CNA. 1991. Diagnostico ambiental del proyecto de infraestructura hidroagricola , El 
Grullo , Estado de Jalisco . I.M.A. S.A. de C.V. Contrato No . AATS.91.03. 50 p. 
Enriquez R, E. 1993. El Programa de Conservacion del Suelo y Agua de la Secretaria de 
Agricultura y Recursos Hidraulicos . In: J.F. Ruiz F. (Editor). Manejo y 
Conservacion del suelo y agua. Primera Reunion anual N acional. 12 - 15 Agosto , 
Montecillo, Estado de Mexico. 
Elliot , W., D. Page-Dumroese, and Peter R. Robichaud. 1999. The effects of forest 
management on erosion and soil productivity . pp. 195-208. R. Lal (ed.). Soil 
Quality and Soil Erosion. Soil and Water Conservation Society. Ankeny , Iowa. 
El-Swaify, S.A. 1990. Research needs and applications to reduce erosion and 
sedimentation in the tropics. In: Research needs and applications to reduce 
erosion and sedimentation in tropical steeplands . IAHS-AISH publ. # 192. pp. 3-
13. 
24 
F AO, 1992. Forest Resource Assessment , 1990 Project. Third Interim Report of the State 
of Tropical Forests. Tenth World Forestry Congress. 17-26 September 1991. 
Paris, France. 
FAQ, 1993a. Forest Resources Assessment 1990: Tropical Countries. Rome: FAO. 
Available: http://www .ciesin.org/docs/002-471/002-4 71.html 
F AO, 1993b. Erosion de suelos en America Latina. Organizaci6n de las Naciones Unidas 
para la Agricultura y la Alimentaci6n Oficina Regional de la FAO para America 
Latina y el Caribe Santiago, Chile . Available: 
http: //www. fao .org/ docrep /T23 51 S/T23 51 SOO .htm#Contents 
F AO, 2002. Balance between Food Security and the Sustainable Management of Natural 
Resources in Latin America and the Caribbean. In: Twenty-Seventh FAO 
Regional Conference for Latin America and the Caribbean . Havana, Cuba, 22 To 
26 April 2002. 21 p . 
Geissert, D. and S.R. Rossignol. 1987. La morfoedafologia en la ordenaci6n de los 
paisajes rurales. Conceptos y primeras aplicaciones en Mexico. INIREB. 85 p. 
Graf, S. 1995. Condiciones socio-econ6micas en la cuenca baja del rio Ayuquila . 
Unpub. Manuscript. 20 p. 
Gordon, M.F., G.J. Charle s and O.D . Alexander , 1971 . Purificaci6n de aguas y 
tratamiento y remocion de aguas residuales . Vol. 2. 300 p. 
Kemmer , F.N. and J. MacCallion . 1982. Manual del Agua. Su naturaleza , tratamiento y 
aplicaciones. Ed . McGraw-Hill. Mexico , D.F. 
INEGI , 1980a. Geologic maps. Scale 1 :50 ,000. 
INEGI, 1980b. Edaphologic maps. Scale 1 :50,000. 
Jardel P, E. (Coord.).1992. Estrategias para la conservaci6n de la Reserva de la Biosfera 
Sierra de Manantlan . Editorial Universidad de Guadalajara. Guadalajara , Jal. 
pp . 315 . 
Lal , R. 1987. Tropical Ecology and Physical Edaphology. John Wiley and sons. 731 p . 
Lal, R, and W. Elliot , 1994. Erodability and erosivity. pp. 181-208 . In: R. Lal. (ed .) Soil 
Erosion Research Methods. 2nd edn. Soil and Water Consrvation Society. Ankeny, 
IA. 
Lal, R., 1995. Sustainable management of soil resources in the humid tropics. 
United Nations University Press. Available: 
http://www.unu .edu/unupress /unupbooks /uu27se /uu27se00.htrn#Contents. 
25 
Lal, R, 1999. Erosion impact on soil quality in the tropics. In: Rathan Lal (Ed.). Soil 
quality and Soil Erosion. Soil and Water Conservation Society. Ankeny, Iowa. 
CRC Press. Pp. 285-305 
Lal, R. 2001. Soil Degradation by Erosion. Land Degradation and Development 
12: 519-539. 
Lugo, A.E., and S. Brown, 1991. Comparing tropical and temperate forests. pp. 319-330 
In: Comparative Analysis of Ecosystems, J. Cole, G. Lovett, and S. Findlay (ads). 
New York: Springer Verlag. 
Lyons, J. y S. Navarro-Perez. 1990. Fishes of the Sierra de Manantlan, West-Central 
Mexico. Southwestern Naturalist 35(1): 32-46. 
Martinez R.,L.M., J.J. Sandoval L. and R.D. Guevara G. 1992. El Clima de la Reserva de 
la Biosfera Sierra de Manantlan y su region de influencia. Agrociencia. Vol. 2( 4): 
1-10 
Mass M., J.M. and F. Garcia-Oliva. 1990. La conservaci6n de suelos en zonas tropicales: 
el caso de Mexico. Ciencia y Desarrollo. Vol XV (90): 21-36. 
Mikhailova, E.A., R.B. Bryant, S.J. Schwager, and S.D. Smith. 1997. Predicting rainfall 
erosivity in Honduras. Soil Sci. Soc. Amer. J. 61 :273-279. 
Navarro Perez, S. 1987. Los recursos acuaticos de la Sierra de Manantlan: inventario y 
analisis preliminar sobre conservaci6n y utilizaci6n. Facultad de Ciencias. 
Universidad de Guadalajara. Jalisco, Mexico: 119 pp. 
Navarro P., S., E., Santana C., J., Lyons and D., Schneider. 1990. La fauna acuatica de la 
Reserva de la Biosfera, Sierra de Manantlan y su zona de influencia. 
Manuscrito inedito. LNLJ, U. de G. 
NRC, 1993. Sustainable Agriculture and the Environment in the Humid Tropics. National 
Research Council, Washington, D.C. 
Oldeman, L.R. 1994. the global extent of soil degradation. In: D.J. Greenland and I. 
Szaboles (eds.). Soil Resilience and Sustainable Land Use. CAB International, 
Wallinford, U .K. pp. 99-11 7. 
Ortiz S., M. M., M.A. Gardufio, and J.W. Estrada Berg Wolf 1994. Evaluaci6n, 
Cartografia y Politicas Preventivas de la Degradaci6n de la Tierra. Colegio de 
Postgraduados. Comisi6n Nacional de las Zonas Aridas . 161 p. 
Posner, J.A. 1982. Cropping systems and soil conservation in the hill areas of 
Tropical America. Turrialba. Vol. 32 (1):287-299). 
26 
Santana , E., S. Navarro, L.M. Martinez , A. Aguirre , P. Figueroa, and C. Aguilar, 1993. 
Contaminaci6n , aprovechamiento y conservaci6n de los recursos acuaticos del 
rio Ayuquila, Reserva de la Biosfera Sierra de Manantlan , Jalisco-Colima . 
Tiempos de Ciencia 30:29-38. 
Salati , E., and P. Vose, 1983. Depletion of tropical rainforest. Ambio 12: 67-71. 
Trimble , S.W. 1990. Geomorphic Effects of vegetation cover and management: some 
time and space considerations in prediction of erosion and sediment yield . In: J .B. 
Thomes (ed.). Vegetation and Erosion Process and Environment. Pp. 55-65 . John 
Wiley and Sons . 
WRI , 1993. World Resources: A Guide to the Global Environment , Toward Sustainable 
Development 1992-93 . World Resources Institute , Washington, D.C. 
CHAPTER2 
SENSITIVITY ANALYSIS OF WEPP MODEL FOR MOUNTAIN TROPICAL 
ENVIRONMENTS 
Introduction 
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The purpose of this study was to evaluate the response of the WEPP erosion 
prediction model relative to changes in input parameters for mountain tropical 
environments by performing a sensitivity analysis . A sensitivity analysis is an 
evaluation of the relative magnitudes of the changes in model response as a function of 
relative changes in values of model input parameters (Nearing et al., 1990). A sensitivity 
analysis ranks model parameters based on their contribution to overall variation in model 
output or predictions. It can provide guidance in the collection of input data where the 
model is intended to be applied , and in understanding the rationale of the mod el in 
relation to errors in model inputs (Tiscareno-Lopez et al., 1994). 
WEPP file descriptions 
WEPP uses overland flow elements (OFE 's) as the basic unit for estimating runoff 
and erosion (USDA, 1995). In the hillslope model of the WEPP , the OFE 's are defined 
only by soil and vegetation characteristics (Elliot et al. , 1994 ). Information necessary as 
input to model in each OFE include four input file types, slope, soil , climate and 
vegetation. 
Slope file 
The WEPP model requires information about the landscape geometry, which is 
entered by way of the slope input file. Required information includes slope orientation, 
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slope length, and slope steepness at points down the profile (Flanagan and Livingston, 
1995). Slope orientation was not used in the sensitivity analysis because it has been 
shown to be insensitive for forested simulation in WEPP (Elliot et. al., 1994 ). 
Soil file 
Information on soil proprieties is input to the WEPP model through the soil input 
file. Physical and hydrological parameters like texture, bulk density, organic matter, soil 
erodibility, critical shear, effective hydraulic conductivity, cation exchange capacity and 
rock fragments, are inputs required when operating the hillslope profile of the WEPP 
erosion model (Flanagan and Livingston, 1995). 
Climate file 
The climate data required by the WEPP model includes daily values for 
precipitation, temperature, solar radiation, and wind information. A stand-alone program 
called CLIGEN is used to generate either continuous simulation climate files or single 
storm climate files (Flanagan and Livingston, 1995). CLIGEN can generate a weather 
record of any length - from one storm to any number of years. Rainfall outputs include 
rainfall amount, storm duration , maximum intensity, and time to peak intensity (Arnold 
and Elliot, 1996). To run CLIGEN, input files are required that contain the statistical 
weather data for stations in each state. Weather data statistics for over 1,400 stations 
within the United States are available to run CLIGEN (Baffaut et al., 1996). Data do not 
exist for many areas outside of the United States. We created an input weather data 
matrix to CLJGEN for the SSLJ, based on nine years of daily weather records. 
29 
Management file 
The plant/management file contains all of the information needed by the WEPP 
model related to plant parameters (canopy cover, plant stem diameter, biomass, canopy 
height, plant height, plant distance), tillage operation, plant and residue management, 
initial conditions and crop rotations (Flanagan and Livingston , 1995). 
Methodology 
The sensitivity analysis essentially consisted of four steps: (1) selecting a realistic 
range of values for each input variable (soil, slope, vegetation and climate); (2) 
computing a base factor for each variable, where base factors are values that are constant 
while one parameter varies; (3) changing each variable across its range of values while 
holding other variables constant with respect to their base values; ( 4) plotting and 
analyzing results (Gray and Megahan , 1981). 
Sensitivity index 
Traditional sensitivit y indices based on parameter variation around a baseline 
values allow the determination of model response to one parameter at a time. For a 
complex model such as WEPP there are interactions among parameters and it is 
necessary to perform a global sensitivity analysis to quantify the effects of each 
parameter on overall model uncertainly (Tiscareno-Lopez et al., 1993 ). Criteria to 
evaluate the sensitivity of a parameter were established using a sensitivity index. 
Regression methods show that the slope, (b1 ) , of the regression of (Y), the model 
prediction of interest , of a particular parameter (x), is the least-squares estimate of the 
classic sensitivity index (Tomovic, 1963). Tiscareno-Lopez et al. (1993) point out that if 
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several parameters are simultaneously and independently varied, then the multiple 
regression of Y (runoff volume, sediment yield, etc.) on all x (the selected model inputs), 
1s: 
where b represents regression coefficients . 
Normalized sensitivity indices (standardized coefficients), can be obtained for 
each variable in equation (11) by subtracting its mean and dividing by its estimated 
standard deviation. The normalized regression model is: 
Y-Yn, -{J XI-Xlm /J x2+x2m fl. Xn-Xnm 
- I + 2 + ... +/A' 
Sy Sx, Sx, Sxn 
(12) 
The standardized coefficients bear a close relationship to the estimated 
coefficients of the original non-normalized multiple regression model. It shows that: 
n -b · Sx; /J}- ~ -
Sr 
(13) 
where (13.J is the normalized sensitivity index of parameter x1,j = 1,2 ... n. The 
standardized coefficient (13) adjusts the estimated slope parameter (b) by the ratio of the 
standard deviation of the model parameter (independent variable) to the standard 
deviation of the model output ( dependent variable). A normalized sensitivity index of 
0.5 means that one standard deviation change in the model parameter will lead to a 0.5 
standard deviation change in the model prediction. 
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A multiple linear regression model requires the variables to be independent for the 
development of proper sensitivity coefficients. A common complication occurs when 
collinearity exists between independent variables. Collinearity implies that some 
portion of the variation in the dependent variable may be attributed to more than one 
independent variable. Collinearity is relatively simple to detect and measure , and several 
standard tests are included in most computerized statistical packages . One example is the 
condition number , the relationship of the square root of the ratio of the largest eigenvalue 
of the correlation matrix of the independent variables to the smallest. The larger this 
number, the greater the collinearity among the independent variables (Philippi , 1993); a 
crude rule is that values above an arbitrary threshold of 30 require attention (Freund and 
Litell , 1986) . A second common measure for collinearity is the variance inflation factor 
(VJF) = ( 1 2 ) , where R2 , is the coefficient of determination for the regression when 1-R 
the ith independent variable is regre ssed against all the other independent variables. This 
mea sure is the amount that the vari ance of the ith regres sion coefficient is inflated due to 
collinearity (Philippi , 1993) . There is no hard and fast rule , but Chatterjee and Price 
(1991) suggest that a value greater than 10 " is often taken as a signal that the data have 
collinearity problem s." 
WEPP model inputs 
Parameters depicted in Table 2-1 represent the most important input data for the 
WEPP model when applied to road and tails in North America (Elliot et al., 1995). 
Slope form was evaluated during this analysis by changing the values for the upper slope 
and end slope, but maintaining the baseline average slope as shown in Table 2-1. The 
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management file that contains vegetation information was generated based upon forest 
templates developed for the U.S. Forest Service Rocky Mountain Research Station at 
Moscow , Idaho (Elliot et al., 1995), but modified for the SSLJ conditions. All 
parameters used for sensitivity analysis were based on climate, soil and vegetation 
characteristics found at the SSLJ (Hernandez, 1996; Jardel et al., 1999; Martinez et al., 
1993; Sanchez et al., 1996). Because soil is such an important characteristic in this 
model, I selected two representative soil types of the SSLJ, a sandy loam and a clay loam 
soil. Table 2-2 describes the soil proprieties used as baseline values for the analysis. 
Table 2-1. Parameters used for sensitivity analysis at SSLJ . 
Veeetation Slope Soil properties 
Coverage I Altitude Slope I Length I Width Ki I Kr 
Slope Slope 
0 5 10 20 20 100000 .001 
10 IO 20 50 50 200000 .003 
20 15 30 100 100 300000 .005 
50 20 40 200 200 400000 .0001 
75 30 50 500 500 500000 .0003 
100 60 .0005 
70 .0009 
80 
90 
100 
Table 2-2. Soil properties used as base factors for the analysis. 
Parameter Sandy loam 
Sand(%) 60.6 
Clay(%) 3.8 
Loam(%) 35.6 
CEC (meq/100 g) 69.6 
Organic Matter(%) 2.62 
Albedo 0.21 
Bulk Density (g/cm 3l 0.67 
Hydraulic Conductivity (mm/hr) 3 
lnterril erodibility 3000000 
Rill erodibility 0.0006 
Shear stress 2.25 
I Tau I K 
1 0.5 
2 1 
3 2 
4 3 
5 4 
6 5 
10 
20 
30 
Clay loam 
17 
47 .5 
35.5 
28.4 
1.38 
0.34 
0.83 
3 
3500000 
0.008 
2.5 
,O.M. 
1 
2 
3 
4 
5 
10 
20 
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Model simulation was performed continuously with different rainfall for a period 
of three years. The simulation provided estimates of soil erosion and runoff for each rain 
event and total soil erosion for the three years. Output values analyzed for the three-year 
period were: storms that produce runoff , total runoff (mm) and sediment delivery 
(ton/ha) . 
In order to evaluate detailed response of rainfall parameters to soil erosion and 
runoff , a rainfall analysis was completed. This analysis is critical for those places that 
lack an adequate rainfall database using only that parameter that are proven to be 
sensitive within the model. Rainfall variables used for this analysis-included duration , 
ration of maximum intensity and average intensity, rainfall depth , time to peak , average 
intensity and effective intensity. Five years of simulated rainfall were used for the 
anal ysis in sand y loam and clay loam soils . 
According to Elliot (1998) , the most important variables in the climate file are 
rainfall amounts and the likelihood of rainfall occurring . CLIGEN , a two-state Markov 
chain to generate the number and distribution of rainfall events. A random number 
generator asso c iated to the probabilities of a wet day following a dry day and dry day 
following a dry day determines stochastically if precipitation occurs on any given day 
(Baffaut et al., 1996). Using 9 years of daily rainfall data at SSLJ , the probability 
estimation that rainfall will occur was calculated. Three different probabilities were 
considered when describing the likelihood that precipitation will occur on a given day , 
the probability of a wet day, the probability of a wet day if the previous was wet and the 
probability of a wet day if the previous day was dry (El liot, 1998). The probability of a 
"wet" day (Pw) in a given month can be found from: 
Pw = Number of Wet Days 
Total Days in Month 
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(2.1) 
There are two probabilities of precipitation in the general climatic statistics files, 
the probability of a wet day if the previous was wet (Pww) and the probability of a wet 
day if the previous day was dry (Pwd). The net probability of a wet day (Pwn) can be 
derived from: 
Pwn = Pww(Pw)+ Pwd(l - Pw) (2.2) 
Equation (2) can be solved for Pwn to obtain: 
(2.3) 
Other input sensitivity parameters necessary to build the weather file for CLIGEN 
include the following : 
1) Temperature. The average monthly maximum and minimum temperatures 
(°F) were obtained from the weather station at SSLJ. 
2) Dew Point temperature. This value was calculated from relative humidity(%) 
and temperature (0 C) data from SSLJ weather station using the following 
equations (Jensen et al., 1990) : 
where : 
RH= 100 e(T) 
es(T) 
RH= Relative humidity 
es(T) = Saturation vapor pressure 
e(T) = Environmental vapor pressure 
(2.4) 
es(T) = 0.611 * EXP(l 7.27 *T IT+ 237 .3) 
where: 
T = Dry bulb temperature in °C 
e(T) = es(T) * RH 
100 
To compute dewpoint temperature (Tdew): 
T _ l16.9+237.31n[e(T)] 
dew - 16. 78- ln[e(T)] 
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(2.5) 
(2.6) 
(2.7) 
3) Solar Radiation . The value for the SSLJ was estimated from the following 
equation (Norero , 1977; Duffie and Beckman, 1980): 
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R = - Gd r[(W.,)s in(¢) sin(o) +cos (o) sin(W.)] 
j{ 
where: 
R = Solar radiation (Ly/ day ) 
G = Solar con stant (1 .94 Ly/min) 
dr= Relative distance of the earth from the sun 
dr = 1 + 0.033 COS [(2Jl'dn / 365)] 
where: 
dn = the day number of the year 
Ws = Sunset hour angle 
Ws = arccos (- tan(¢ )tan(o )) 
<!>=Latitude 
(2.8) 
(2.9) 
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8 = Solar declination (Spencer, 1971) : 
0 = (0.006918-0.399912cos r + 0.0700257sinf -0.006758cos 2f + .000907sin2f) (l SO/ n) (2 _ 1 O) 
-0 .002697cos3f-0.00148sin3f 
where : 
r = day angle (Iqbal, 1983): 
r=2n(d n -1)/365 (2.11) 
In order to calibrate the WEPP climate file, we generated a 9-year climate file 
using CLIGEN for the SSLJ , which was then compared to the actual values. Figures 2-
1, 2-2, and 2-3 show the monthly average values for minimum and maximum 
temperature and rainfall , respectively . Both actual and WEPP estimated curves of 
temperature show a similar shape (Figure 2-1) . Figure 2-2 shows WEPP to underestimate 
rainfall during the rainy season. T-test analysis is depicted in Table 2-3, where real and 
estimated data do not show significant differences. 
Table 2-3 . t-test analysis for real and estimated data (p < 0.05) 
Mean N Std . Deviation Correlation Significant 
Rainfall - Real 
Rainfall -Simulated 
TMAX -Real 
TMAX - Simulated 
TMIN-Real 
ITMIN-Estimated 
133.9750 
152.5283 
21.1750 
21.1533 
9.4158 
9.4550 
12 126.6020 
12 155.7875 
12 1.3831 
12 1.3860 
12 2.4884 
12 2.4644 
Differences 
0.991 NS 
0.976 NS 
0.999 NS 
Minimum Temperature 
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Figure 2-1. Comparison between actual minimum temperature data and CLIGEN 
Simulation 
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Figure 2-2. Changes along the year for maximum temperature for actual and 
simulated data . 
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Figure 2-3. Differences between actual and simulated monthly rainfall data. 
A management file was developed for a 30-year old forest , based on template files 
from Elliot and Hall (1997). Relevant parameters (Elliot and Hall, 1997) estimated from 
the SSLJ data for the management file were canopy cover , plant height , base daily air 
temperature and biomass energy ratio . Based on data from permanent plots and forest 
inventory (Hernandez , 1996; Jardel et al., 1999; Sanchez et al., 1996) , I selected a range 
of values to calibrate the sensitivity analysis . 
The base daily air temperature is a value from the EPIC crop growth model 
(Flanagan and Nearing , 1995). It is the temperature that is considered the minimum 
necessary for plants to grow. When degree-days (number of days in which there are 
temperature that allow plants to grow) are calculated to determine plant growth rates, the 
base temperature is subtracted from the average daily temperature for each day. These 
differences are then summed to obtain the "growing degree-days" for plants (Elliot, pers. 
com, 1998). Because information is lacking about this base temperature, I made an 
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approximation based on the optimal temperature for plant growth and biomass production 
for tropical environments recommended by Larcher ( 1980), which gave a range of values 
between 12 to 15 °C. However, SSLJ is a mountain environment with more cold 
conditions than the tropical environment, so it is expected that the base temperature will 
be lower in SSLJ. Based on which plant assemblages are the most sensitive to the base 
daily air temperature , I conducted sensitivity tests using the WEPP model for different 
base temperature. Once I determined the appropriate temperature to approach the 
appropriate biomass production, I finally selected a base temperature of 5 °C. 
The Biomass energy ratio (BER) determines how much biomass (kg/m 2) is 
produced from a given amount of solar radiation (Joules/m2). BER is calculated from 
the daily solar radiation estimated for SSLJ in the climate file. The amount of biomass 
produced also depends on the availability of soil water. If there is not enough soil water 
present , vegetation will not grow. With forests that are regrowing , BER changes as a 
forest site matures . Small trees, grass and brush grow until trees mature and then grass 
and brush disappear. 
WEPP assumes that if a new plant is specified, all the accumulated biomass from 
the previous plant disappears (Elliot, pers. com ., 1998). This is a result of zero biomass 
production during some part of the year and represents problems with the current plant 
growth generator, developed originally for crops. Under forest conditions, to change 
from one age of forest to another, we need to have a "planting date" for the start of each 
new, more mature forest. WEPP resets the above ground biomass to zero on that 
planting date. To compensate for this problem with the current version of WEPP, 
(Elliot, pers . com., 1998) suggests that the biomass energy ratio value be specified that 
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will grow the entire biomass in a mature forest in only I year. Values that are used are 
greater than the true value. By doing this, however, it will ensure that the correct amount 
of canopy and surface residue are present. These are two critical values that affect soil 
erosion by protecting the mineral soil surface from rainfall impact. 
To obtain the value of the BER, I set all management file parameters as base 
values then varied values of BER. Once the biomass estimation from the model was 
within 95% of actual biomass data, the calibration was achieved. 
Results 
Hillslope model sensitivity to soil erosion 
and hydrological variables 
Model sensitivity to changes in soil erosion and hydrological variables (Table 2-1) 
was evaluated for the response of sediment delivery (kg!m\ number of runoff events and 
total runoff (mm) for a hillslope . Sediment delivery includes the total effect of 
detachment and deposition processes occurring on a hillslope. The evaluation was 
conducted in two ways , one in which the value analyzed was the total sediment delivery 
and runoff for three-year period ; and the second analysis compared daily data for the 
same three-year period. 
Because the indices were obtained by regression procedures, a positive index 
means that an increase in the input variable increased the predicted model variable m 
proportion to the sensitivity index , and a negative index means that an increase in the 
input variable decreased the model prediction in proportion to the index (Tiscareno-
Lopez et al., 1994) . 
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Rainfall data for the sensitivity analysis, for a period of three years, included a 
total of 355 rainfall events and 5687.20 mm of rainfall. Sediment production prediction 
was more sensitive to critical shear stress of soil, than the soil interrill and rill erodibility. 
This can be explained by observing that the shear stress value has to be overcome before 
rill erosion occurs. This parameter is higly sensitive for sandy loam soils but sensitive 
for clay loam soils (Tables 2-4 and 2-5). Other parameters were highly significant 
(p<0.01) for sediment production from sandy loam soils were, organic matter (OM), 
slope degree (S) and length of the slope (LS). Hydraulic conductivity (K) for sandy soils 
was significant. For clay loam soil only the shear stress, length of the slope and slope 
were sensitive for sediment delivery production. In sandy loam soils, one standard 
deviation increase for K and Tau, caused a decrease of 0.148 and 0.081 standard 
deviations for sediment delivery respectively. However, for K, the decrease in sediment 
delivery stopped or continued slowly until K reached a value of 2 cm/hr for clay loam 
soil and 5 cm/hr for sandy loam soil (Figure 2-4). Subsequent changes in K did not 
change sediment production . 
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Table 2-4. Three years data simulation on sandy loam soil 
Parameters Sensitivity of Sensitivity Rainfall with Sensitivity of 
Sediment delivery Runoff events Runoff 
Canopy height 0.002 NS 0.001 NS 0.010 NS 
Canopy cover -0 .022 NS -0.041 NS -0 .061 NS 
Interril erodibility 0.000 NS 0.000 NS 0.000 NS 
Rill erodibility 0.030 NS 0.004 NS 0.037 NS 
Hydraulic Conductivity -0 .081 * -0.527 ** -0.369 ** 
Critical shear stress -0 .148 ** 0.004 NS 0.036 NS 
Organic Matter -0.099 ** 0.122 * 0.161 NS 
Length of the Slope 4.345 ** 0.009 NS -0.092 NS 
Slope 0.845 ** 0.613 ** -0.320 ** 
Width of Slope -0.009 NS 0.002 NS 0.022 NS 
** (p<0.01) * (p<0.05) NS = No significant 
Table 2-5. Three years data simulation on clay loam soil 
Sensitivity of Sensitivity Rainfall with Sensitivit y of 
Parameter Sediment de! ivery Runoff events Runoff 
Canopy height -0 .005 NS 4.876 NS 0.0003 NS 
Canopy cover 0.009 NS -0.035 NS -0.036 NS 
Interril erodibility -0.013 NS 0.014 NS 0.001 NS 
Rill erodibility -0.127 NS 0.045 NS 0.005 NS 
Hydraulic Conductivity -0 .138 NS -0.072 NS -0.034 NS 
Critical shear stress -0.162 * -0 .023 NS -0.002 NS 
Organic Matter -0.093 NS -0.056 NS -0.100 NS 
Length of the Slope 0.577 ** -0.016 NS -0.004 NS 
Slope 0.598 ** 0.787 ** 0.752 ** 
Width of Slope -0.016 NS -0.016 NS -0.002 NS 
** (p<0.01) * (p<0.05) NS = No significant 
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Sediment production was sensitive to organic matter (OM) on sandy loam soil 
with a decrease of 0.099 units of sediment production for each 1 unit increase in OM. 
Clay loam soils showed significant sensitivity of sediment production to organic matter. 
Figure 2-5 graphically shows the difference in slope between clay loam soils compared 
with sandy loam soils in terms of sediment production. This greater influence of OM in 
sandy loam soil than clay loam soils could be explained because sandy soils are more 
erodible than clay soils and OM increases aggregation, cation exchange capacity, and 
water retention that reduce the susceptibility to soil erosion (Brady, 1990) . However in 
clay soil these characteristics are strong even with no additional OM. Figure 2-5 shows 
that sediment production decreased with organic matter increase until a 10% OM 
threshold was reached . After 10%, greater OM did not alter sediment delivery. 
3 4 5 10 20 
Organic matter(%) 
Figure 2-5. Sediment delivery response to organic matter change 
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Slope (S) and length of the slope (LS) were the most sensitivity parameters 
(p<O.O 1) to sediment production for both soils. Sandy loam soil present an increase of S 
and LS was 0.845 and 4.345 standard deviations, respectively, for clay loam soil the 
relation was 0.598 and 0.577, respectively, for S and LS (Figure 2-6 and 2-7). This 
difference between soils could be due to the greater resistance of clay soils than sandy 
soil-to-soil detachment. Sediment delivery was not sensitive to slope width changes for 
both soils . 
The response of sediment production to slope shape was analyzed only for sandy 
loam soil because the greater susceptibility of sandy soil than clay soil. Figure 2-8 
shows the relationship that convex slopes tended to have greater sediment delivery 
compared to uniform and concave slopes. Concave slopes resulted in lower values for 
sediment delivery . However , the three slope shapes presented the same pattern of the 
response of sediment delivery due to change in average slope. 
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Runoff response to changes in soil and vegetation variables was evaluated using 
rainfall events that produced runoff and from total runoff (TR) (mm). Rainfall with 
runoff events (RRE) was sensitive to changes in K, OM and S. Hydraulic conductivity 
was sensitive to RRE and TR were (p<O.O 1) on a sandy loam soil. For a sandy loam 
soil, an increase of one unit of K change causes a decrease of 0.369 units of runoff 
prediction by the model. This is a logical pattern because the increase in K will result 
in greater infiltration and consequently a reduction of rainfall with runoff events. Figure 
2-9 shows the influence of K on total runoff for a clay loam soil. After an apparent 
threshold K of 2 cm/hr, there were few changes in total runoff production. However , for 
a sandy loam soil the increase of K had a remarkable impact on total runoff reduction. It 
appears that for a sandy loam soil, runoff and sediment production were more sensitive to 
the increase of K with a reduction of runoff and sediment. 
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Figure 2-9 . Influence of hydraulic conductivity on total runoff 
There was a positive sensitivity response to RRE from the increase of OM in a 
sandy loam soil (Figure 2-10). RRE and TR were insensitive to a change in texture for a 
clay loam soil. Values larger than 10% in OM did not change the values for RRE and 
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TR in both soil types (Figures 2-10 and 2-11) . This was the same pattern presented with 
sediment production . We can infer that with WEPP, if runoff does not occur at this 
percentage of OM then no sediment production occurs. Figures 2-10 and 2-11 also show 
that there are less runoff events from clay loam soils than sandy loam soils, but there was 
a greater runoff volume from clay loam soils. 
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RRE and TR were sensitive to changes in slope degree for each run with sandy 
and clay loam soils (p<0.01). One standard deviation of slope degree changes caused a 
change in 0.613 and 0. 787 standard deviations of change of RRE slope for sandy and clay 
soils respectively . For TR, values for sandy soils decrease 0.32 and for clay soils 
increase 0.752 standard deviations. These values show how important the slope degree 
was for runoff production , principally for clay loam soils (Figures 2-12 and 2-13). These 
figures also showed how the slope had a positive response on runoff until a 40% slope 
was reached; larger values do not produce changes in runoff. 
There were differences between clay loam and sandy loam soils for RRE until a 
slope of 20% was reached . After this percentage , both soils resulted in the same number 
of runoff events. 
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Figure 2-13 . Total runoff response to slope degree for sandy and clay loam soils 
Three-year daily data analysis 
For the three-year daily analysis, we analyzed daily erosion and total runoff under 
altered soil and vegetation conditions. Sediment production was highly sensitive to 
slope and length of the slope for sandy and clay loam soils and significant to K for sandy 
soils (Table 2-5 and 2-6). Runoff response to soil and vegetation variables were 
different for sandy loam than clay loam soils . Runoff in sandy loam soil was sensitive to 
K, with -0 .052 standard deviations of runoff changed by one standard deviation of K. 
Sensitivity to OM was similar in this three-year period, the increase of organic matter 
caused an increase in runoff. There was no logical pattern to explain why the increase of 
organic matter caused an increase in runoff, when it should be the opposite, because an 
increase in OM typically increases water infiltration (Brady, 1990). Length of slope 
produced a negative response in runoff production, increasing 2.2 standard deviations for 
one standard deviation of slope degree increase. For clay loam soils, runoff was 
sensitive to slope degree with a value of 0.082 standard deviations (Table 2-6). 
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Table 2-6. Three years daily data simulation on sandy loam soil 
Parameter Sensitivity of Sensitivity of 
Sediment delivery Runoff 
Canopy height -0.001 NS -0.0005 NS 
Canopy cover -0.003 NS -0.008 NS 
Interril erodibility 0.000 NS 0.000 NS 
Rill erodibility -0.002 NS -0.006 NS 
Hydraulic Conductivity -0.032 * -0.052 ** 
Critical shear stress -0.017 NS -0.005 NS 
Organic Matter -0.006 NS 0.021 ** 
Length of the Slope 0.229 ** -0.028 ** 
Slope 0.094 ** 0.126 ** 
Width of Slope 0.027 NS -0.006 NS 
Rain 0.359 ** 0.893 ** 
Table 2-7. Three years daily data simulation on clay loam soil 
Parameter Sensitivity of Sensitivity of 
Sediment delivery Runoff 
Canopy height -0.001 NS -0.0002 NS 
Canopy cover -0.001 NS -0.005 NS 
Interril erodibility 0.000 NS 0.001 NS 
Rill erodibility 0.000 NS 0.003 NS 
Hydraulic Conductivity -0.003 NS 0.006 NS 
Critical shear stress -0.017 NS -0.001 NS 
Organic Matter -0.014 NS -0.014 NS 
Length of the Slope 0.279 ** -0.001 NS 
Slope 0.081 ** 0.082 ** 
Width of Slope -0.005 NS -0.001 NS 
Rain 0.290 ** 0.882 ** 
Rainfall characteristic analysis 
Sediment delivery in WEPP model was sensitive to storm duration , rainfall depth 
and average and effective rainfall intensity for sandy and clay soils (Table 2-7 and 2-8). 
Rainfall duration has a negative response , the longer the duration the less the sediment 
delivery. The reduction of sediment delivery with the increase of duration was 0.5 
standard deviat ions for sandy soils compared with 2.0 standard deviations for clay soils . 
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Rainfall depth represented the most important rainfall variable to the sensitivity of WEPP 
for both types of soils. Sediment delivery had a positive response at the increase of 
rainfall depth. For sandy soils , an increment of rainfall depth caused an increase of 
5.4 units of the index of sediment production, compared with 12.6 units for clay loam 
soil. Sediment delivery showed a negative response to average and effective rainfall 
intensity, with WEPP more sensitive to average rainfall intensity than effective rainfall 
intensity. We can make some interpretations from the response of sediment delivery to 
rainfall variables, in particular that most soil erosion in tropical mountain environments is 
in response to short-duration and high intensity storm events . 
Runoff volume was only sensitive to duration , rainfall depth and average and 
effective intensity for clay soils . In sandy soils, runoff volume was not affected by 
rainfall characteristics, and the dominant process of runoff likely will be determined by 
soil properties. For clay soils, runoff response was similar to the sediment delivery 
response with a negative relationship to duration , average and effective intensity , and a 
positive response for rainfall depth . In WEPP, slight changes in rainfall depth produced 
the most sensitive changes in runoff. 
Table 2-8. Analysis of rainfall characteristics for sediment delivery and runoff 
production for sandy loam soil 
Parameter Sensitivity of Sensitivity of 
Sediment delivery Runoff 
Duration -0.587 ** -1.4 NS 
Max Int/Ave Int (ip) -0.058 NS 0.36 NS 
Rain amount 5.44 ** 5 NS 
Time to Peak 0.06 NS -0.03 NS 
Average Intensi ty -2.12 ** -1.44 NS 
Effective Intensity -0.81 ** -0.66 NS 
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Table 2-9. Analysis of rainfall characteristics for sediment delivery and runoff 
production for clay loam soil 
Parameter Sensitivity of Sensitivity of 
Soil loss Runoff 
Duration -2 ** -2.11 ** 
Max Int/ Ave Int (ip) 0.02 NS 0.38 NS 
Rain amount 12.6 ** 9 ** 
Time to Peak 0.09 NS -0.01 NS 
Average Intensity -5 ** -2.92 ** 
Effective Intensity -0.13 ** -2.49 ** 
Conclusions 
Results from sensitivity analysis of WEPP model shows that for tropical 
environments, soil properties are more important for soil erosion estimation than 
vegetation parameters . Did not means that vegetation parameters are not important, 
because we know that in forest soils , soil properties are based depending in what 
vegetation is established . 
The analysis also show us what soil properties are more relevant for soil erosion 
and runoff production when is based on soil textures. Hydraulic conductivity, shear 
stress and organic matter are important properties necessary to consider when we planed 
to study soil erosion in sandy soils . Length of slope and percentage of slope are very 
important parameter to both types of soils sandy and clay soils. 
Two important aspects to discuss about WEPP is the limitation to modeling runoff 
for that soil that had more than I 0% of organic matter, and consequently non-runoff and 
non-sediment delivery. This point is important to consider when modeling soil erosion 
in a tropical environment with WEPP, because it is very common to find soils with OM 
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values greater than 10%; consequently the WEPP model could over predict soil erosion 
and runoff. Also for clay soils, increase of organic matter produces increase in total 
runoff, given non-logical patterns because organic matter increases infiltration and 
consequently reduce runoff . 
Rainfall analysis shows that was more important to soil erosion short duration and 
high intensity storms events. In addition, rainfall amount was more relevant that rainfall 
intensity, this is important when we consider that in developing countries rainfall 
intensity data are limited. 
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CHAPTER3 
ESTIMATING THE POTENTIAL FOR EROSION FROM PEDESTRIAN AND 
ANIMAL PATHWAYS IN TROPICAL FOREST 
Introduction 
Predominant erosion processes modeled in WEPP are interrill and rill erosion. 
Interrill erosion is the detachment and transport of sediment by raindrop splash and 
shallow overland flow. Rill erosion is the detachment by raindrops and transport of 
sediment by concentrated channel flow (Flanagan and Livingston, 1995). The three 
critical soil properties in the erodibility equations used by the model are interrill 
erodibility, rill erodibility, and critical shear (the stress necessarily to generate particle 
movement of the soil). In addition, the effective hydraulic conductivity (Ke) is a critical 
soil property required for the WEPP model to determine runoff in terms of average 
infiltration rate (Elliot et al., 1994 ). The WEPP model uses the Green-Ampt infiltration 
equation as presented by Chu (1978, 1987) for the case of unsteady rainfall and multiple 
times to ponding: 
where , 
Cu = Ri - Vi - ( K e \f'E) d J 
r. I - K 
,- e 
(3.1) 
where: 
Cu = Indicator that determines if ponding occurs within a given rainfall intensity (m) 
R = Cumulative rainfall depth (m) 
V = Cumulative rainfall excess depth (m) 
\Ji= Average capillary potential (m) 
e = Soil moisture deficit (m.m-1) 
Ke= effective saturated hydraulic conductivity (m.s-1) 
r = rainfall rate (m.s-1) 
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Roads are the dominant source of sediment in forested environments (Reid, 1981; 
Swift, 1985). It is estimated that 50 to 90% of the sediment produced from a forested 
environment under management comes from roads (Elliot et al., 1994 ). The WEPP 
model can be applied to forest roads, though validation for forest road conditions is an 
ongoing process (Elliot et al., 1994, 1995). Studies using the WEPP model in Idaho and 
North Carolina indicate that the reduction of Ke due to traffic is related to or can be 
indexed by the length of the deposition of sediment plume forming off the road. In the 
Wine Creek watersh ed of North Carolina , fresh sediment plumes were measured and 
correlated with Ke and the outflow from a flume. When this information was input to 
WEPP, the length of the sediment plume was related to Ke These relationships have 
practical implications for definitions of the width of a riparian zone or buffer zones that 
may be necessar y to ensure that sediment eroded from roads does not enter streams 
(Elliot et al., 1994 ). A constraint to the use of these relationships is that Ke is a difficult 
parameter to measure in the field . 
Soil loss from footpaths , tracks, and trails can be an important form of accelerated 
erosion in mountain watersheds with heavy recreational or commercial foot traffic. 
Quantities of soil eroded from footpaths can exceed soil loss tolerance values for an area 
(Garland et al., 1985). Bratton et al . (1979) and Vogler and Buttler (1996) noted that 
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soil losses from trails could be as substantial as 6 cm of soil depth per year depending on 
the traffic intensity (approximate 1600 ton/ha/year of soil). 
The relationship between recreational trails and soil erosion has received 
considerable attention in temperate areas . Trails in temperate environments act as a 
source of partial-area runoff, contributing far more runoff and detached sediment per unit 
area than other drainage basin surfaces (Weaver and Dale, 1978). Understanding trail 
erosion in the humid tropics is complicated by the scarcity of scientific studies of rainfall-
runoff response on tropical forest soils and the lack of trail erosion research in such 
environments. Trails developed for commercial use by humans and draft animals have 
very little in common with temperate recreational trails. Recreational trails are 
engineered with switchbacks that follow contours, turnpikes, and water bars. 
Commercial trails constructed by humans in less developed tropical countries (LDC) 
follow the paths of least resistance , often located in natural points of water concentration 
and/or perpendicular to the slope contour. Yet for the LDC ' s, these trails represent the 
major communication and commercial links between fields, farms, villages and cities. 
Also , mean annual rainfall in the tropics is approximately four times that of temperate 
areas and high tropical rainfall intensities increase the potential for more frequent 
overland flow events (Wallin and Harden , 1996). 
Reports from Wallin and Harden ' s (1996) study in Ecuador and Costa Rica show 
that the rates of runoff generation and soil particle detachment are significantly higher on 
trails. Runoff occurs frequently on trails, but rarely off-trails . I will probe the erosion 
potential of commercial trails and provide a mechanistic predictive tool for assessing its 
relevance to non-point source pollution. 
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Methodology 
Field experiments in forest trails 
In order to evaluate the changes in plume length under different soil conditions, I 
selected three sites, Los Mazos, Ahuacapan and the SSLJ that are representative 
ecosystems for the Ayuquila watershed (Figure 3-1 ). The studies were conducted during 
1997 and 1998 for Los Mazos and Ahuacapan. Plume analysis on the SSLJ occurred in 
1997 only, due to problems with road accessibility and personnel availability. Los 
Mazos soils are inceptisols, clay-loam textured with an oak overstory (Quercus resinosa). 
The Ahuacapan site soils are entisols, severely degraded, without A and B 
horizons , coarsely textured and with shrubs (Lascianthea spp., Baccharis spp., Psidium 
guajaba, Acacia farnesiana, Croton ciliato-glandulffera, Verbesina spp.) and herbs 
(Viguiera spp.). The SSLJ soils are represented by well-developed alfisols, clay 
textured, with a pine (Pinus douglasiana) overstory and mixed shrubs /herbaceous 
understory (Rubus adenotrichos, Phaseolus coccineus, Crotalaria longirostrata). At 
each site, I selected three segments of trail 20 m in length (Table 3-1) to evaluate the 
formation of plumes at the end of the trail . Each segment represented a repetition . All 
litter was removed from the trail and the plume area to control the effect of sediment 
trapping. I collected the following information: 
Trails 
a) Core samples of soil were collected along the trail segment to estimate the hydraulic 
conductivity using the constant head method, and bulk density with the core method 
(Klute and Dirksen , 1986). Samples were taken every 2 meters in order to obtain 
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detailed information about the variability in soil hydrologic condition of the trail. 
Average values were used as input for WEPP model (Table 3-1 ). In addition, core 
samples from the deposition area were collected to estimate the hydraulic conductivity 
and bulk density using the constant head and core methods , respectively (Black et al., 
1986). These data were used to elucidate any putative relationships between Ke and 
plume length on commercial trails in tropical forest. 
b) A longitudinal profile was constructed at each trail segment by surveying the slope of 
each experimental trail length with a measurement every 1 m to obtain a detailed 
assessment of topography necessary to define the Overland Flow Elements (OFE's) 
necessary for the WEPP model. 
c) Trail segment cross sections were measured with a clinometer at every change of 
slope , once each month to detect changes in trail sediment erosion or deposition 
(Harden, 1992). Cross-sections were referenced with permanent markers and 
measured using a rill meter with 40 pins, 5 cm apart (Jubenville and O 'Sullivan, 
1987; Shakesby, 1993). 
Plume 
--
a) Average length , width, and thickness of plume were measured after each significant 
rainfall event ( event that produce runoff and sediment movement) . 
b) Colored sand with the same average size of plume sediment was salted into the 
deposited sediment in an attempt to assess the incremental movement of the plume after 
each rain event. The particle size of the plume was determined from bulk samples 
collected from the plume using sieve analysis. 
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Another experiment was established to investigate the impact of commercial trails on soil 
erosion and length of the plume. Soils at Los Mazos were characterized by a distinct A 
horizon, incipient B horizon and a well defined C horizon. However, erosion and 
deposition processes have produced a discontinuity between the trail and the surrounding 
soil. Often the trail exhibits the removal of A or B horizons. The experiment was 
conducted to understand the affect of horizons on Ke and the final length of a sediment 
plume on the trail. 
I selected 20 m trail segments with different horizons exposed to the surface as 
treatments with three replicates per treatment. Treatments were blocked to maintain 
similar geomorphic characteristics. The treatments tested in the experiment were : 
1) A trail with all horizons intact (A) 
2) A trail segment with the A horizon removed by erosion (B) 
3) A trail with both A and B horizons removed by erosion (C) 
4) A trail segment with an irregular combination of A, B, and C (M) along the 
trail. This segment represents a control , typical for trails found in a tropical 
forest 
A randomized block design with three replications was used as the experimental 
design. Litter from the trail and plume was removed to avoid the influence of litter dams 
on the transport and deposition of the sediment. In order to quantify soil morphology 
and establish the characteristics of the exposed horizons, I constructed a soil pit at each 
site and collected samples for soil analysis (Table 3-1 ). 
Data from trail, plume characterization, bulk density and hydraulic conductivity 
were obtained using same methodology as described that described above. 
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Table 3-1. Soil characteristics of soil horizon at three sites in which were evaluated trail 
soil erosion 
Site/Soil Soil Bulk Hydraulic Sand Clay Organic CEC Depth Density Conductivity Matter Horizons (cm) (gr/cm 3) (mm/hr) (%) (%) (%) (meq/lOOg) 
Mazos 
A 10 1.6 1.5 55.28 19.44 5.58 44.6 
B 15 1.4 0.8 45.28 33.4 0.07 40 
c 40 1.4 0.8 55.28 27.44 0.07 40 
Ahuacapan 
Cl 30 1.6 1.9 67.28 11.44 0.20 16 
C2 50 1.7 1.6 71.28 11.44 0.07 16.6 
SSLJ 
A 50 0.7 3.5 17.5 28.2 5.0 54.7 
B 64 1.3 1.6 15.5 36 0.69 27.4 
c 114 1.8 22.1 32.4 0.34 37.2 
Trail soil erosion modeling using WEPP 
Data obtained from both experiments described above were used to compare the 
ability of the WEPP model to predict sediment delivery and plume length. Basic inputs for 
the WEPP model included soil data file, a slope data file, climate file, and a 
plant/management file. Overland Flow Elements (OFE's), the basic land unit of the WEPP 
for estimating runoff and erosion, were defined by soil and vegetation (Elliot et al., 1994 ). 
Each trail segment is composed of three OFE' s; runoff area, trail and deposition area. 
Information required by the soil input file of WEPP included, soil texture, number of 
soil horizons, s.oil depth, organic matter, cation exchange capacity. These soil 
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characteristics were obtained from soil pit samples at each site. Hydraulic conductivity and 
bulk density was estimated from soil cores collected on each OFE and estimated using the 
constant-head method (Klute and Dirksen, 1986). Additional information like albedo, 
interril and rill erodibility, and critical shear were estimated with the WEPP prediction 
equations, adjusted for local data, using the appropriate instructions provided in the WEPP 
user's manual (Flanagan and Livingston, 1995) 
SALB= 0.6 
exp(0.4 * ORGMAT) 
(3.2) 
where: 
SALB = Soil albedo 
ORGMAT= Percent of organic matter in the surface soil(%) 
Ki= 1810000 - l9l00*SAND - 63270*0RGMAT846000*Thetafc (3.3) 
where: 
Ki= lnterril erodibility value 
SAND = Sand soil texture (%) 
Thetafc = Volumetric water content of the soil at 0.033 MPa (m3/m3) 
Kr= + 0.0017 [
0.000024*CLAY- 0.00088*0RGM4T- 0.00088* BDdry] 
- 0.00048* ROOT 10 (3.4) 
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where: 
Kr = Rill erodability 
CLAY= Clay soil texture (%) 
BDdry = Bulk Density (gr/cm3) 
ROOT] 0 = Total root biomass within the 0.0 to 0.1 m soil zone (kg/m2) 
Input data for the slope file were obtained from a survey at each site (Figure 3-2). 
The climate file was built using rain amount , rain intensity, temperature , humidity and other 
parameters collected at Ahuacapan and Los Mazos. Wind direction and speed for 
Ahuacapan and Los Mazos were obtained from the nearest weather station at Autlan. SSLJ 
has a weather station on site . 
The management file contains vegetation information and the input data were 
generated using as the base, forest templates developed for the U.S. Forest Service Rocky 
Mountain Research Station at Moscow, Idaho (Elliot et al, 1995) , but modified and 
adapted for each site condition (Table 3-2). Vegetation data were obtained using 
transects method (Bonham, 1989). 
Table 3-2. Vegetation characteristics for the major vegetation types of the SSLJ 
Site Vegetation Diameter Canopy Canopy Distance / 
Type (cm) Cover (%) Height plants 
(m) 
Ahuacapan Shrubs 1-2 17 0.74 1-2 
Los Mazos Oak 13 21 10 2-3 
SSLJ Pine 30 80 15 2-3 
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Results 
Rainfall characteristics for the three sites 
In order to obtain comparative values between sites, I use standardized values such 
as sediment /square meter, and sediment/mm of rainfall, and length plume/mm rainfall. 
For this reason, it is important to compare the amount and distribution ofrainfall for each 
of the three sites. Table 3-3 shows the critical rainfall characteristics at each site. 
Table 3-3. Rainfall characteristics for rainfall season at three sites 
Sites Year Number of Maximum Total rainfall 
rainfall events rainfall (mm) (mm) 
Los Mazos 1997 34 83.5 579 
1998 73 76.8 1360 
Ahuacapan 1997 47 55 736.2 
1998 63 33.4 421.5 
SSLJ 1997 77 73 1258 
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Figure 3-2. Rainfall distribution by percentiles. 
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Cumulative rainfall distribution in 1997 for Mazos, Ahuacapan and SSLJ are 
similar; around 50% of the total rain fell in events with rainfall amount below IO mm, 
25% falls between I 0-20 mm and the last 25% of the rain was between 25-80 mm. 
However, the maximum rainfall for Ahuacapan was only 55 mm, compared with 73 mm 
and 84 mm for SSLJ and Los Mazos , respectively. However, for 1998, rainfall amount 
distribution was different between Ahuacapan and Los Mazos . Ahuacapan had 75% of 
rainfall under 10 mm and for Los Mazos represented only the 50%. The rainfall amount 
was distributed more uniformly for the two years at Los Mazos, but for Ahuacapan the 
distribution was markedly different (Figure 3-2). This analysis was important in order 
to understand the rainfall erosion potential due to the erosivity of rainfall. 
Comparison of soil loss and plume length 
Soil loss production at the three sites 
Monthly cumulative sediment production data (ton/ha) for trails were analyzed for 
monthly rainfall events at Ahuacapan, Mazos, and SSLJ (Table 3-4 and 3-5). 
Table 3-4. Analysis of variance for monthly cumulative soil loss (ton/ha). 
I 
Sum of df Mean F Sig. 
Squares Square 
Between Groups 459394.7 2 229697.352 15.717 .000 
Within Groups 613816.0 42 14614.667 
[otal 1073211 44 
68 
Table 3.5. Multiple comparison analysis using Tukey test HSDa. 
N Groups 
SITE 1 ~ 
SSLJ 9 34.9 
uOS Mazos 18 51.6678 
Ahuacapan 18 251.9794 
Means for groups in homogeneous subsets are displayed. 
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Figure 3-3. Monthly average soil loss at three sites 
Results show that Los Mazos and SSLJ were statistically similar for monthly 
cumulative soil loss, and Ahuacapan was statistically different than both. Figure 3-3 
shows the average soil erosion of three replicates at each trail. 
Total soil loss over the study period at all three sites was significantly different. 
Ahuacapan had a production of 45.6 kg/m2 and 14.3 kg/m2 for the two years, 
respectively. Los Mazos trails had an annual average soil loss volume production of 
6.52 kg/m2 during the first year and 9.36 kg/m2 for the second year, and SSLJ had values 
of 4.6 kg/m2 for first year. These differences were due to the number and the amount of 
rainfall events at each site. It is important to note the high values of soil loss production, 
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because for Ahuacapan site above values represents 456.11 ton/ha and 143.0 ton/ha for 
both years respectively (Figure 3-4). 
In terms of soil depth eroded, during the first year the Ahuacapan trail had a loss 
of 6.38 cm and 2.0 cm for the second year. Los Mazos, had 65.2 ton/ha soil loss for the 
first year and 93.6 ton/ha for the second year. In terms of soil depth detached for Los 
Mazos, the soil eroded was 0.9 cm and 1.3 cm over the two years of study. SSLJ had a 
total soil loss depth of 0.6 cm. It is important to note that these values of soil erosion are 
concentrated in a small area such as a trail. Also it is important to point out that these 
high erosion values for all three sites show the importance of the need for soil 
conservation dedicated to trail management. 
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Figure 3-4. Annual soil loss volume at three sites for 1997-1998 
Because of the variability of rainfall at three sites, we compared the soil lost 
(kg/ha) by mm of rainfall for months that had soil loss. The analysis of variance 
(p=0.05) and multiple comparison test (Tukey test) of two years (1997-1998) showed 
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significant differences between sites (Table 3-4). Tukey 's means companson test 
separated Los Mazos and SSLJ from Ahuacapan. It appears that Ahuacapan trails was 
more susceptible to soil erosion than Los Mazos or SSLJ soils. However, when the 
analysis for each year was completed , 1997 present the same pattern as the two year 
analysis but in year 1998 there were no significant differences between Los Mazos and 
Ahuacapan. 
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Figure 3-5. Comparison between site for soil loss volume by mm of rainfall for 
1997 and 1998. Similar letter means that are statistically similar. 
Trail eros10n prediction usmg the WEPP model at each site showed some 
different patterns when compared with field data . An analysis of variance of WEPP 
outputs was performed. I found that Ahuacapan and Los Mazos were statistically similar 
and Las Joyas was different. Using WEPP, the SSLJ hade larger soil loss volume 
followed by Ahuacapan , and Mazos. Field experiments showed that soil loss volume has 
highest at Ahuacapan, then Mazos and SSLJ. Two of the sites were underestimated (Los 
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Mazos and Ahuacapan) and one was overestimated (SSLJ). This means that WEPP did 
not show a similar pattern of underestimated or overestimated soil erosion for the three 
sites when compared with field data (Figure 3-67). 
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Figure 3-6. Measured and estimated soil erosion volume for three sites. 
Comparison of length of the plume at three sites 
The length of the sediment plume (m) produced on each trail segment was 
compared using the relationship of the total plume length/depth of rain (mm) , in order to 
standardize values for the three sites. This analysis showed that Los Mazos had the 
longest sediment plume produced per mm of rain, followed by Ahuacapan and the SSLJ, 
respectively . However, a greater number of events that produced a plume was found for 
the SSLJ with 48, compared with 29 and 29 events each for Ahuacapan and Los Mazos in 
1997 (Table 3-6). In 1998, Los Mazos and Ahuacapan were not significantly different. 
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Taking the average values of plume length /rainfall depth, that are 0.69, 0.48 and 
0.1 for Los Mazos, Ahuacapan, and SSLJ respectively, and considering a average rainfall 
of 25 mm, we should have a plume of 17 m (25 mm x 0.69 m/mm) for Los Mazos, 12 m 
for Ahuacapan and 2.5 m for SSLJ. 
Table 3-6. Length of plume characteristics for sites 
1997 1998 
Site Mazos Ahuacapan SSLJ Mazos Ahuacapan 
N+ 29 29 47 18 15 
Min 0.098 0.068 0.004 0.139 0.213 
Max 2.7 2.35 0.448 0.924 1.07 
Std.Dev . 0.73 0.54 0.096 0.21 0.25 
Mean 0.89** 0.53** 0.098** 0.49 NS 0.44 NS 
Group a b c a a 
** Significant (p < 0.01) NS. No significant difference 
+ Total number of plume formation events from three repetition at each site . 
Considering the 20 m segment used for this study , these values gave a relative plume 
length of 1:0.89 (relation length of segment to the length of plume) , 1:0.5 and 1:0.1, for 
Los Mazos , Ahuacapan , and SSLJ. This means that in the case of the Mazos, 
approximatel y ten meters of trail produces approximately nine meters of plume . The 
relationship that I found could be used for practical estimation of the distance from a trail 
to establish a buffer strip for stream protection. This relationship might vary from site to 
site, but it can be used as a tool for a quick estimation of sediment plume length 
production for sites with similar conditions. 
WEPP analysis to predict plume length showed that the model overestimates the 
length of the plume at three sites by 5, 3, and 83 times for Mazos, Ahuacapan and SSLJ, 
respectively. WEPP also estimated a larger number of sediment plumes produced per 
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unit volume of rainfall (Table 3-7). WEPP was able to estimate sediment plume 
production at 93% of total events registered at three sites. Therefore, for each of 10 
rainfall events that produced a sediment plume from the trail, WEPP could detect 9 of 
them. The percentage of plume prediction was obtained by comparing dates in which 
rainfall produce sediment plumes and comparing field and estimated data. A practical 
application of the ability to produce plumes is the assessment of human impact on trails, 
however, WEPP did not give a good approximation of the length of the plume and the 
total soil loss volume from trails. 
Table 3-7. Rainfall events that produced sediment plumes from actual trails and estimated 
using WEPP. 
Site Trail events WEPP events Trail - WEPP events 
Coincidence (%) 1 
Los Mazos 47 170 93 
Ahuacapan 44 106 80 
SSLJ 48 164 100 
I The percentage represents the coincidence in rainfall event that produce sediment from field and estimated data . 
Investigation of commercial trail erosion 
with a designed experiment 
Soil loss analysis for trails and WEPP modeling 
Results from the designed experiment between trail segments with different soil 
horizons exposed showed that greater soil erosion occurred where a combination of soil 
horizons were exposed along the trail (3-8). 
Significant differences occurred between treatments for both 1997 and 1998. In 
1997, trail treatments A, B, and C exhibited similar soil loss , while trail M was different 
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(Figure 3-7) Trail M produced the greatest soil loss production, followed by trails C, A 
andB. 
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Figure 3-7. Total soil loss production for trail segments (Treatments A,B,C 
and M) with different surface horizons exposed . 
In 1998, soil loss production was significantly different between treatments . 
Treatments A, B, C were statistically similar and all were different from M except B. 
Trail M produced greater sediment following by B, C and A (Figure 3-8). There was a 
tendency to have greater sediment production on trails B and C when compared to A and 
to be more similar to M. This tendency might be explained by the discovery in the first 
year that trails B and C had less weathered horizons than horizons associated with trail 
M, resulting in more resistance to erosion detachment. For the second year changes in 
soil loss production occurred once the horizon were more weathered . As time progresses 
I expect that trail B will tend to be similar in soil loss to trail M, and likely trail M will be 
similar to trail C. That means that with time, sediment production will be reduced on 
trail M by a lack of erodable soil from surface horizons. 
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Table 3-8. Analysis of variance for cumulative soil erosion data 
1997 Sum of Squares df Mean Square F Sig. 
Between Groups 8601.788 3 2867.263 17.978 .000 
Within Groups 2232.842 14 159.489 
[otal 10834.630 17 
1998 Sum of Squares df Mean Square F Sig. 
Between Groups 10521.372 3 3507.124 6.704 .002 
Within Groups 12032.827 23 523.166 
Total 22554.199 26 
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Figure 3-8. Compar ison between Trails and WEPP mean sediment production 
Results from the WEPP simulation did not reflect the patterns found in the field 
experiment. When simulated with WEPP, trail C was the larger sediment producer. 
WEPP overestimated sediment production for trails A, B and C, with 3100%, 7942%, 
and 3890%, respectively (Figure 3-8). For treatment M, the model underestimated 
sediment production approximately 25% . Analysis of variance for WEPP output data 
did not show differences among treatments between years or when years were pooled . 
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Comparison of the length of sediment plumes 
Plume lengths were significantly different among treatments during 1997 and 
1998 (Table 3-9). In 1997, A and B were similar in length of plume, Trail C was 
statistically different from A, B and M, and consequently M was different from all other 
trails. The longest plume was produced by trail M, followed by trails C, B and A. Trail 
A produced only five sediment plumes during 1997 and no plumes during 1998. Trails 
B, C, and M, had 19, 41 and 47 plume producing events for both years, respectively . 
Table 3-9. Analysis of variance table for plume length between trail treatments 
1997 Sum of df Mean Square F Sig. 
Squares 
Between Groups 1547.972 3 515.991 22.222 .000 
Within Groups 7430.253 320 23.220 
!Total 8978.225 323 
1998 Sum of df Mean Square F Sig. 
Squares 
Between Groups 686.417 3 228.806 14.077 .000 
Within Groups 3250.852 200 16.254 
otal 3937.269 203 
Trail treatment M had the greatest number of events that produced a plume and 
the longest plume for the Los Mazos site. However, during 1997, trail C produced 
longer sediment plumes than B. For 1998, we found no significant differences between 
trails B and C. 
The WEPP analysis overestimated the number of events that produce plumes and 
the length of those sediment plumes. Trail A had a total of 5 events that produced plumes 
and WEPP estimated a total of 154 events, Trail B had 19 events compared to 186 from 
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WEPP, trail C had 41 events comparing 106 from WEPP and for trail M, it had 4 7 events 
that produce plumes comparing with 164 estimated by WEPP . 
Hydraulic conductivity modeling. 
Hydraulic conductivity (Ke) could not be modeling for trail compactation due to 
small variability in this parameter from soils at three sites . Statistical analysis does not 
show any difference between Ke for all sites. For better modeling is required to consider 
sites with more soil properties diversity. 
Discussions 
Results from trail soil loss at the three sites (Los Mazos, Ahuacapan and SSLJ) 
showed the importance of the application of conservation practices to reduce the potential 
erosion from commercial trails in tropical forests of Latin-American . This is critical 
since the major towns in steep terrain have only one main road to the village. All the 
movement and commercial transport activities occur on trails . Ahuacapan exhibited the 
largest sediment production from trails due to the low total vegetation cover dominated 
by shrubs combined with a sandy soil that is more erodible than soils in Los Mazos and 
SSLJ. Significant soil loss can occur when runoff is concentrated from hillslopes into 
the trail network. Trails respond like small channels with highly erosive flow that can 
suspend sediments and result in significant sources of non-point source pollution. 
Sediment plume length was related to soil horizons exposition, a combination 
different horizon depth , represented by trail M resulted in longer plume lengths. The 
larger plume was found in Los Mazos that had soil horizon variability (presence of 
segments of trail with A, B, and C horizons), Ahuacapan that had only C horizon and 
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SSLJ with B horizon. Results from the experiment in Los Mazos shows similar pattern 
with the largest length of plume at trail M, following by trails C, B and A. Trails with an 
A horizon have less sediment plume production. Ahuacapan had significant sediment 
production but small plume lengths. Los Mazos had less sediment production but longer 
plumes . Ahuacapan is apparently transport limited, runoff does not have enough erosive 
energy to transport much sediment resulting in deposition, and shorter plumes . Los 
Mazos, with more erosive energy from runoff but less sediment transport because soil are 
less erodible. 
Conclusions 
According to the results of both studies, WEPP modeling over predicted 
sediment and length of plumes, however, this might be caused by a limitation with the 
model's ability to manage variable widths width of OFE's. WEPP appears to only 
manage one width for each of the three OFE ' s used and this causes that proportion of the 
contributing area and deposition area to be adjusted to maintain the same area but 
different size, increasing the length of the area . Based on my sensitivity analysis the 
increase in length causes an increase in runoff. Consequently , WEPP models greater 
runoff available to detach and transport sediment from trails surfaces . WEPP is also 
limited by its consideration of only longitudinal deposits in a fixed width, compared to 
natural plumes that produce a fan deposit. Natural trails can deposit sediment from one 
event before an obstacle. For the following deposit, a reduction of sediment travel occurs 
and it is not considered in WEPP modeling. Even with the above limitation , WEPP 
could predict , 91 % of the time, on average, the production of sediment plume in trails . 
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This relationship could be used to decide at a site whether a protective buffer vegetation 
needs to be constructed . Given that modelers work within this limitation of the model, 
WEPP could increase the predictability of sediment plume production. 
Working with natural rainfall in contrast with rainfall simulation presents 
significant difficulties with interpreting soil erosion studies due to the variability and 
distribution of rainfall. 
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CHAPTER4 
EVALUATION OF EROSION-SENSITIVE AREAS ON THE A YUQUILA 
WATERSHED 
Introduction 
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Mexico is considered a mountainous country, with 52% of the land resources over 
900 min elevation and 30% in valleys (Bassols, 1979). Seventy-five percent of the land 
has pronounced topography and slopes greater than 25%, rainfall regimes that are 
characterized by high intensity storms, significant land use changes and deforestation 
rates that result in considerable sensitivity of the landscape to the erosive action of the 
water (Enriquez, 1993). Soil erosion in Mexico has increased drastically in the last 50 
years. In 1945, 45% of Mexico was seriously affected by soil erosion (Posner , 1945) in 
1975, 80% (Andrade, 1975) and at the end of the eighties , Geissert and Rossignol (1987) 
indicated that 86% of land had moderate to severe soil erosion. Land degradation in 
Mexico is reported to increase at a rate of 100,000 to 200,000 ha/yr (Ortiz et al, 1994) 
with a national average erosion rate of 2.8 ton/ha/yr and an estimation of 40 ton/ha/yr 
erosion (Enriquez, 1993 ). Every year Mexico loses approximately 150,000 to 200,000 
ha of agriculture land to land degradation . In last 30 years , Mexico has lost more soil 
that in all of its previous history. For Jalisco State the soil erosion is at present on 70 to 
75 % of the total land area with 25 % of the land exhibiting soil erosion rates of 10 - 50 
ton/ha/yr , and 30 - 35% of the land loses more than 200 ton/ha/yr (Mass and Garcia-
Oliva, 1990). 
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Mexican soil conservation policy had focused on the development of a strategy 
for an integral soil conservation and management (Enriquez, 1993). However, 
identification of degraded areas and erosion sensitive areas is missing but necessary to 
focus federal and state efforts to prevent and control soil erosion on steep lands 
(Enriquez, 1993; Ortiz et al, l 994 ). The planning process for soil erosion control 
includes three important aspects : 1) Monitoring the landscape for land uses or 
management practices that would promote degradation; 2) Identify degraded areas or 
sensitive areas to soil erosion for the establishment of priorities to control or prevent soil 
erosion; and 3) Specify procedures to assist land owners and land users in controlling soil 
erosion (Ventura et al., 1988; Peccol et al., 1996; Bird et al., 1994 ). 
Geographic Information Systems (GIS) provide scientists, planners, managers , 
and decision-makers with an efficient way of combining and analyzing georeferenced 
and descriptive data from different sources (soil , vegetation , geology, land cover , and 
others) for a better understanding and management of natural resources (Fernandez et al ., 
1993). In addition , GIS combined with modeling capabilities for spatial and temporal 
analysis, provides a valuable approach for identifying and ranking critical non-point-
pollution areas on a regional basin (Burrogh , 1986; Hession and Shanholtz, 1988; 
Reybold and TeSelle , 1989; Hamlett et al., 1992). 
The objective of this study was to identify and model areas that may be 
susceptible to erosion on the Scientific Station Las Joyas (SSLJ), an important site for 
data generation and designed experiments within the Ayuquila River system. With 
calibration data collected from the SSLJ , a geographic information system model was 
developed that included a layer for erosion sensitive areas of the SSLJ that could be 
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extended to the Ayuquila basin-wide . With the existing map and database, I simulated the 
effect of agriculture and severe forest fire in two areas inside the SSLJ and modeled the 
impact of the fire on soil erosion for a period of 10 years. 
SSLJ was chosen to represent a subwatershed of the Ayuquila River watershed to 
evaluate the ability of the Water Erosion Prediction Project (WEPP) model to accurately 
predict erosion under existing vegetation on the SSLJ . This site was selected because it 
has more than ten years of available information on soils and vegetation, and it is 
representative of approximately 80% of the upland areas in the Ayuquila River 
watershed. 
Methodology 
The study was divided in two parts , one that compared soil erosion data from 
erosion plots with predicted data from WEPP , and defined the efficiency for data 
generation under tropical conditions; the other part consisted of the generation of a map 
of erosion sensitive areas within the SSLJ subwatersheds by using a GIS. 
Evaluation of the WEPP model prediction 
versus erosion plot data 
Physiographic heterogeneity on the SSLJ presents high variability of soil and 
vegetation in a relatively small area (1245 ha). Martinez et al. (1993) reported three soil 
orders distributed over the watershed where Alfisols represents 73.4 %, followed by Ultisols 
with 16.8% and Inceptisols with 9.8%. Vegetation types described for the SSLJ are Pine, 
Oak-Pine , Rain Forest and disturbed areas covered by grass and shrubs (Vasquez et al., 
1995). 
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Alfisols are the most representative soil (Typic Paleudalf) of the SSLJ, and were 
selected to evaluate soil erosion under natural conditions for the five vegetation types. 
During the three-year period of study, there were no disturbances that removed protective 
vegetation cover. Tables 4-1 and 4-2 show soil and vegetation characteristics for sampling 
sites chosen for this study. Two by 10-m erosion plots were established for each vegetation 
cover (Figure 4-1). Slope at all plots were generalized at 20% in order to reduce variability 
between vegetation coverage. Because of the remoteness of the plots and the time required 
for manual sampling during each rainfall event, only one replication for vegetation types 
was established. We collected data over three years during three rainy seasons from July to 
October. Rainfall information was obtained from a weather station located at the northern 
part of the SSLJ. 
I Erosion plots 
• Sampling sites 
Figure 4-1. Erosion plots location and sampled sites for organic matter, bulk density, 
hydraulic conductivity and root depth- IO cm. 
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Table 4-1. Soil characteristics for the major soils of the SSLJ 
Soil type Texture Depth (mm) Sand Clay(%) OM(% : CEC 
(%) meq/ 
100 gr 
Sandy loam 50 74 2 19.8 76 
350 62.2 10.4 1.24 24.6 
650 20.5 47 0.89 25 
<+- 850 14.2 45 .3 0.82 23.6 
"@ 
(.) -0 1250 14.4 43.7 0.07 25.4 
·- ;:l o..~ 
~~ 
Sandy loam 190 72.5 6 8.97 53.8 
390 48 .3 15 2.76 36 .8 
660 14 51 1.58 26.2 
<+- 1040 22.1 39 0.55 22.6 (.) "@ 
:-= -0 1640 26.8 37.3 0.2 21.4 
- ;:l 0 (1) 
~ "@ 
0... 
Sandy loam 70 54.1 20.3 11.73 50 
.::::: 220 40 31 1.86 29.4 (.) ;:l 
·- E 380 33 42 0.62 25 .8 0.. ;:l 
~~ 580 31 45 0.07 23 .8 
"@ 850 33 43 0.07 25 0... 
1300 32 36 0.07 24 
Sandy loam 120 65.3 5.0 5 45.4 
250 55.1 7.2 11.1 26.4 
..... 650 47.3 23 0.3 21 .4 0.. (1) 
.... 1600 39 .9 30.2 0.1 24.2 (.) ..c 
·- (.) b E: 
en ..... 
;>--. ;:l 
ow 
Sandy loam 260 29 .3 30 .6 4.3 35 .2 
..... 900 23.3 36 0.9 38.2 0.. 
(.) ~ 1300 21.3 37.1 0.34 29 
·- ..... 
.... -
.L:l (.) 21.0 40 .8 0.48 23 E 2 
;::::, t, 
;>--. 
0 
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Table 4-2. Vegetation characteristics for the major vegetation types of the SSLJ 
Vegetation Steam Canopy Cover (' Canopy Height Distance I plants 
Type Diameter (cm) (m) 
Shrubs 1.3 60 3.4 2 
Rain Forest 39 80 22 4 
Grassland 0.22 100 0.50 0.6 
Oak-Pine 13 80 15 3.0 
Pine 35.8 80 17 3.0 
Data were collected after each rainfall event at five sites. Total runoff was collected 
and measured in 200-1 tanks. One-liter sub-samples of water were taken from each tank 
after agitation, filtered, weighted and dried to calculate the total sediment delivery. After 
data were collected, tanks were cleaned with water and prepared for the next event. 
Overland Flow Elements (OFE's), the basic unit of the Water Erosion Prediction 
Project (WEPP) for estimating runoff and erosion are defined by soil and vegetation (Elliot 
et al., 1994). Each erosion plot is a confined area that represented one OFE. In addition 
WEPP used four files as input, soil file, plant-management file, slope file and climate file to 
run the model (see details in chapter 2 and 3). 
Information required by the soil input file included texture, number of soil horizons, 
soil depth, organic matter, bulk density and cation exchange capacity. These parameters 
were obtained from soil survey data (Martinez et al, 1993). Hydraulic conductivity was 
estimated from soil cores collected on each OFE using the constant-head method (Klute and 
Dirkense, 1986). Additional information like albedo, interrill and rill erodibility and critical 
shear parameters were estimated with WEPP prediction equations and adjusted for local 
conditions with correction factors provided in the WEPP User's Manual (Flanagan and 
Livingston, 1995): 
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SALB= 0·6 
exp(0.4 * ORGMAT) (4.1) 
where: 
SALB = Soil albedo 
ORGMAT= Percent of organic matter in the surface soil(%) 
Ki= 1810000 -19100*SAND - 63270*0RGMAT846000*Thetafc (4.2) 
where: 
Ki = Interril erodability value 
SAND = Sand soil texture(%) 
Thetafc = Volumetric water content of the soil at 0.033 MPa (m3/m3) 
Kr= + 0.0017 [
0.000024*CLAY- 0.00088*0RGMAT- 0.00088* BDdryl 
where: 
- 0.00048* ROOTI O 
Kr = Rill erodability 
CLAY= Clay soil texture (%) 
BDdry = Bulk Density (gr/cm3) 
ROOTJO = Total root biomass within the 0.0 to 0.1 m soil zone (kg/m2) 
(4.3) 
The climate input file was built using information from the weather station at the 
SSLJ. Solar radiation , a parameter not measured at the SSLJ , was calculated using the 
equations developed by Norero (1977) and Duffie and Beckman (1980). These equations 
were described earlier in the sensitivity analysis chapter (Chapter 2). 
88 
The management input file that contains vegetation information, was generated 
using the base forest templates developed for the U.S. Forest Service Rocky Mountain 
Research Station at Moscow, Idaho (Elliot et al, 1995), but using input data for the SSLJ 
conditions. Five vegetation types were identified for the SSLJ, pine, oak-pine, rain 
forest, shrubs and grassland. Pine forest covers 36% of the total surface of the SSLJ. 
Species dominants were Pinus douglasiana, P. herrerae and P. ocarpa (Cuevas, 1994). 
Oak forest is always associated with pine forest, covering 28% of SSLJ area. Oak 
species included Quercus castanea, Q. laeta, Q. praineana , Q. peduncularis , Q. obtusata, 
Q. spicata, Q. resinosa, Q. scythopjylla and Q. vicentensis (Jardel et al, 1996). Rain 
forests cover 23% of total area with tree species dominants flex brandageana, 
Symplococarpon purpussi , Tilia mexicana, Q. salicifolia, Q. xalapensis, Cornus disiflora, 
Carpinus tropicalis, Meliosma dentata, Magnolia iltisiana, Zinowiewia concinna, 
Rapanea jurgensenii , Ostry virginiana, Clethra vicenteni, Per sea hintonni, Cinnamomun 
pachipodum, Fraxinus uhdei, Cleyera integrifolia and P. douglasiana. (Santiago and 
Jardel , 1993). Secondary vegetation covers 12% of the SSLJ area, with species as such 
Buddleja parviflora , Senesio salignus, Acacia angustissima, Rubus adenotrichos, 
Baccaris heterophyla, Cartilleja arvensis, Crotalaria longirostrata, Dahlia coccinea, 
Festuca breviglumis, Fuchsia microphylla , Hyptis spp., Paspalum squamulatum, 
Phaseolus coccineus, Phaseolus vulgaris, Phytolaca icosandra, Phacelia platycarpa, 
Salvia mexicana y Sida rhombifolia (Jardel et al, l 999). For grassland and shrubs, plots 
were established with Sporolobulus spp. and Rubus spp. dominants, respectively . 
Map of erosion-sensitive areas on the 
Scientific Station Las Joyas 
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One of the major concerns for watershed managers is to define areas that are 
erosion sensitive and use this information in the decision-making process. An 
investigation of soil erosion susceptibility in the SSLJ was carried out using available 
cartographic and collected field data . A raster-based Geographic Information System 
was used to process and analyze the data. The WEPP and USLE models were used to 
predict erosion sensitive areas. The soil erosion map resulting from WEPP was 
compared with one generated using the Universal Soil Loss Equation (USLE) (Galindo, 
1991 ), a popular empirical erosion model. The Mexican government recommends the 
use of the USLE equation to estimate soil erosion from Mexico ' s agricultural lands and 
wildlands (Figueroa, et al., 1991 ). 
The WEPP model uses four file types as input, climate , soil, slope and vegetation/ 
management files. Information necessary for the climate file was obtained from the 
CLIGEN file generated for the SSLJ and described in the sensitivity analysis chapter. 
This file permits simulation of the climatic conditions for the SSLJ over several years. 
Soil and vegetation input information was obtained from soil survey maps and database , 
by Martinez et. al (I 993) for soil data and Hernandez (1996), Sanchez et al. (1996) and 
Jardel et al. ( 1999) for vegetation information. The slope map required for WEPP was 
obtained from a digitized topo graphic map (I : 10,000), from which I created the digital 
elevation model (DEM) for the SSLJ. With this DEM and using IDRISI , a GIS-raster 
based technology, the slope map was generated. Length and width of hillslopes on the 
SSLJ data were measured manually from a topographic map (1: 10,000). 
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The hillslope was the general unit for the development of the soil erosion map. 
The hillslope units were divided on the topographic map and digitized into IDRIS!. 
Delineation of the OFE 's, the basic units in the WEPP model, was accomplished using 
the GIS, by overlaying the hillslope boundaries and the soil and vegetation map (Figure 
4-2). 
Because of the importance of effective hydraulic conductivity (Ke) - the average 
rate at which water infiltrates into the ground - to runoff generation, I estimated it from 
soil cores collected at multiple sites in the SSLJ (Figure 4-1) using the constant-head 
method (Klute and Kirkensen , 1986). Ke, is a critical input parameter for WEPP as we 
found in sensitivity analysis. Soil samples for estimation of the bulk density (BD) , were 
also collected at the same field sites using the core method. All of the samples were 
georeferenced and entered into the GIS. Field data was used to generate a DEM for each 
parameter. Complementary information for the management file such as vegetation 
height , cover , diameter and total biomass was obtained from the database existing for the 
SSLJ (Sanchez et. al., 1996; Jardel et al, 1999). An existing vegetation height was 
digitized and used to complement vegetation information. 
Map generated values for slope, Ke, BD, and vegetation height were overlain using 
the crosstabulation procedure into the GIS and merged with the map of OFE' s. The model 
was run using the information corresponding to each OFE, combining the climatic, soil, 
vegetation and slope files. Vegetation height, diameter and cover changed in the files 
depending on the OFE. The output of the model was sediment delivery at the bottom of the 
hillslope (ton/ha). Those values were placed in each OFE to generate the soil erosion 
sensitive map. After that, sediment values were grouped by ranges of< 10 ton/ha, 10 to 20 
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ton/ha, 200 to 300 ton/ha, > 300 ton/ha for final watershed-level erosion sensitive map 
display. 
With the existing map and database, I simulated the effect of agriculture and severe 
forest fire in two areas inside the SSLJ and modeled the impact of the fire on soil erosion for 
a period of ten years. 
Results 
Rainfall characteristics (1991-1993) 
Total rainfall during the summer rainy season was 627 mm in 1991, and 483 mm 
and 554 mm for 1992 and 1993 respectively. The number of rainfall events for this three 
year period was 154, 100 and 91 for 1991, 1992 and 1993, respectively. The cumulative 
frequency distribution of rainfall for the three years (Figure 4-3) during summer shows 
that 70% of total rainfall events are less than 30 mm and approximately 20% of all 
rainfall events were less than 10 mm. These data are important to know because total 
rainfall is closely related with soil erosion. The year with the largest events, with more 
than 40% of the total rainfall greater than 25 mm was 1993. During the rainy season the 
maximum rainfall event in 24 hr was 157 mm in August 1993. Maximum values for 
1991 and 1992 were 81 mm (July) and 93 mm (September), respectively. 
Evaluation of runoff and erosion 
Runoff and erosion data from plots and predicted values from WEPP were 
analyzed in three ways; 1) we transformed raw data using the natural logarithm (loge) to 
reduce the mean square error; 2) we used indices between soil loss/rainfall, soil 
loss/runoff and runoff/rainfall; and 3) we used cumulative values of soil and runoff for 
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the three years for each vegetation type. Using cumulative values, one can visualize the 
amount of change for soil and runoff for events in a given period of time (Bauffaut et al., 
1998). 
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Figure 4-2. Cumulative frequency distribution for summer rainfall 
Transformed data analysis 
Transformed soil loss and runoff data were entered into a correlation analysis. 
Both soil loss and runoff data were correlated with rainfall as an independent variable. 
This analysis was done to compare the correlation between rainfall-volume and soil loss. 
Grassland and pine provided the highest correlation between runoff and rainfall, and 
rainfall and soil loss, though significant relationships occurred for all five vegetation 
types, with the exception of rainfall/soil loss for shrubs (Table 4-3). These relationships 
are important, since rainfall and runoff satisfy two of the three erosion processes, 
dislodgment by raindrop impact, entrainment with runoff. Results show that runoff was 
the more important soil erosion (runoff-soil loss) mechanism when compared with direct 
rainfall (rainfall-soil loss) as shown in Table 4-3. 
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Table 4-3. Correlation analysis by vegetation type. 
Vegetation Rain - Runoff Rainfall- Runoff-
Soil Loss Soil Loss 
Shrubs 0.4 ** 0.208 NS 0.71 ** 
Rain forest 0.535 ** 0.451 ** 0.793 ** 
Grassland 0.721 ** 0.522 ** 0.698 ** 
Oak-Pine 0.546 ** 0.379 ** 0.793 ** 
Pine 0.850 ** 0.635 ** 0.712 ** 
NS. Not significant at p>0.01 
** Correlation is highly significant at 0.0 I level (2-tailed) 
Results for runoff from SSLJ erosion plots, showed a statistical difference (p :S 
0.05) among vegetation types. Mean separation using Tukey's test shows that shrubs, 
rain forest and oak-pine indicate no significant differences for runoff production of 
sediment. Pine vegetation was statistically similar to oak and rain forest but different 
from shrubs. Grasslands showed a significant difference in runoff production than all 
other types of vegetation , with the inference that grasslands are the larger runoff 
producers in this study (Figure 4-3). 
Predicted values of soil erosion and runoff from WEPP, when analyzed with 
ANOV A were similar to field plots. Analysis of runoff data by vegetation type showed 
significantly differences by vegetation type (Figure 4-4). Oak-Pine, rain forest, pine and 
shrubs, did not present significant difference (p = 0.05) between them. Grassland 
presented significantly different (p=0.05) from all others vegetation types . Although the 
predicted runoff values from the WEPP model were significantly different from those 
obtained from erosion plots, the WEPP model had the ability to identify grassland as the 
major runoff producer. 
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Figure 4-5 shows observed versus predicted values for runoff for each type of 
vegetation, which is possible, grassland present a better distribution between observed 
and predicted values. We can rank vegetation types relative to observed runoff 
production as grassland, pine, oak-pine, rain forest and shrubs (Figure 4-6). WEPP 
predicted values show a similar relationship with the major runoff producer is grassland, 
followed by shrubs, pine, rainforest and oak-pine . 
Soil delivery from soil erosion plots was significantly different (a=0.05) among 
vegetation types. Multiple comparison analysis shows also three groups, however, those 
are different than in the runoff analysis (Figure 4-7). Oak-Pine is statistically similar to 
Pine and Shrubs but different to grassland and rain forest. Grassland is statistically 
similar than pine and shrubs, but different to oak-pine and rainforest is similar to 
grassland and shrubs, but different to oak-pine and pine. The major to minor production 
of soil loss is, rain forest, grassland, shrubs, pine and oak-pine. Figure 4-8 shows the 
total sediment production from vegetation types. 
Comparison between vegetation types using soil loss values from WEPP revealed 
that shrubs dominated was similar to rainforest. Grassland differed from all other 
vegetation types. 
Rainfall - runoff - soil loss relation coefficient analysis. 
Erosion plot data analysis 
The ability of rainfall and runoff to produce erosion can be described using soil 
loss/rainfall and soil loss/runoff coefficients from erosion plots and the percentage of 
rainfall that produces runoff using the coefficient runoff/rainfall. Table 4-4, shows the 
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influence of runoff over soil erosion among the different types of vegetation as 
described by the soil loss/runoff coefficient. 
Table 4-4. Mean soil loss and runoff differences among vegetation types for erosion 
plots . 
Vegetation Cover N Soil Loss/Rainfall Soil Loss/Runoff Runoff/Rainfall 
(kg ha-1 mm- 1) (kg ha-1 mm- 1) (%) 
Shrubs 42 0.158 a 25.2 a 0.47 a 
Rain Forest 65 0.10 a 11.63 b 0.92 a 
Grassland 86 0.17 a 4.23 b 5.54 b 
Oak-Pine 70 0.03 a 4 b 1.2 a 
Pine 82 0.03 a 3.1 b 1.1 a 
98 
A runoff/rainfall relationship can be developed to show the percentage of rain that 
occurs as runoff. Grassland plots produced 5.5% of rainfall as runoff. The others types 
of vegetation were close than 1 %. 
Soil loss/rainfall relationships were not significantly different among vegetation 
types . Analysis of variance of soil loss-rainfall relationship do not show significant 
difference for vegetation types , however , for the relation soil loss/runoff, there are 
significant difference (a=0.05) among vegetation types. The multiple comparisons 
(Tukey test) shows two groups, one in which there are no significant difference between 
Pine, Rain Forest, Grassland and Oak-Pine. The other group shows , that the Shrubs 
vegetation is different in the relation soil loss/runoff from the other types of vegetation 
(Table 4-4 ). Based in this analysis we can conclude that shrubs produce low runoff with 
high sediment concentration when compared with other types of vegetation. This 
relationship is important for small watersheds or streams, because runoff from shrubs-
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dominated sites may contain greater sediment load than other site with different 
vegetation type. 
Grassland appears to be the mayor producer of runoff and is significant different 
(a=0 .05) than the others vegetation types. Shrubs, Rain forest, Oak-pine and Pine are 
statistically similar for runoff production. 
WEPP data analysis 
WEPP-predicted values for rainfall soil loss and runoff are shown in table 5. No 
soil erosion was predicted in the four vegetation types by WEPP. The grassland-
dominated vegetation type produced erosion. However, the model overestimated the 
percentage of rainfall as runoff by 6.6% for shrubs, 0.48% for rainforest, 4.1 % for 
grassland, 0.8% for oak -pine and 0.8% for pine . 
Mean comparison for runoff-rainfall relationship showed separates shrubs and 
grassland type with a greater percentage of rainfall as runoff when compared to rain 
forest, oak-pine and pine alone . 
Table 4-5. Mean soil loss generated by WEPP for different vegetation types on the SSLJ. 
Vegetation Cover N Soil Loss/Rainfall Soil Loss/Runoff Runoff/Rainfall 
(kg ha-1 mm-1) (kg ha-1 mm-1) (%) 
Shrubs 42 0 a 0 a 7.1 a 
Rain Forest 65 0 a 0 a 1.4 b 
Grassland 86 1.1 b 3.7 b 9.7 a 
Oak-Pine 70 0 a 0 a 2 b 
Pine 82 0 a 0 a 1.9 b 
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Cumulative runoff and soil loss analysis 
Analysis of cumulative runoff and soil loss is important to evaluate changes over 
time by different land use. Values were accumulated every fifteen days for runoff and 
soil loss. Figures 4-11 and 4-12 allow us to visualize the amount of change for runoff 
and soil loss during three-year period at SSLJ. 
Cumulative runoff data from erosion plots showed significant differences (a 
=0.05) among vegetation types. Grassland dominated plots produced greater runoff and 
by consequence was different from the other types of vegetation . Figure 4-9 shows the 
results from WEPP predictions of cumulative runoff. Predicted values have the same 
patterns as observed values in SSLJ erosion plots. Figure 4-10 compares the results from 
the analysis of variance and means separation tests. Oak-pine and pine produced similar 
runoff while shrubs, that form the other group, and rain forest and grassland that integrate 
the third group. WEPP values only separate two groups in which grassland is the larger 
sediment producer compared with other four type of vegetation. 
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Annual soil erosion modeling comparison. 
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In order to calibrate and validate the WEPP model to generate a soil erosion map of 
the SSLJ, an annual comparison with the USLE and the Erosion Plots was carried out. 
Figure 4-13 ( a,b,c) shows the difference among WEPP, USLE and erosion plots in soil 
erosion estimation for the period from June to October for three years . The WEPP 
model did not generate soil erosion for shrubs , rainforest, oak-pine and pine. Vegetation 
type grassland was the only soil erosion producer when using WEPP model, with values 
of 1 ton/ha/yr. USLE predicted soil erosion for all vegetation types, however, for shrubs 
and grassland erosion ranges from 40 - 80 ton/ha and 5 - 12 ton/ha respectively . Table 
4-6, shows the differences between WEPP and USLE against erosion plots. It shows 
that USLE over predicted the soil erosion for the all vegetation types. WEPP shows over 
predict erosion only in grassland. This differences can be explained because WEPP 
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based the erosion process primarily in the amount of runoff, and the grasslands produced 
more runoff than other types of vegetation . The overprediction by WEPP of erosion for 
grassland is less than the USLE estimation .. 
Table 4-6. Differences between estimated and measured soil erosion values (ton/ha). 
YEARJ YEAR2 YEARJ 
Vegetation WEPP USLE WEPP USLE WEPP USLE 
-Plots -Plots -Plots -Plots -Plots -Plots 
Shrubs -207.1 39642 .9 -3.14 83564.8 -2.34 39813.46 
Rainforest -173.0 823.2 -71.24 2017.9 -15.67 979.73 
Grassland 1562.8 5811.8 436.8 12,285 1057.2 5953.2 
Oak-Pine -63.68 932.52 -6.38 2082.82 -1.85 993.55 
Pine -22.7 973.5 -25.4 2063.8 -66.84 928.5 
Soil erosion map of SSLJ 
Based in the above analysis we considered WEPP as the best model for use in the 
generation of an erosion-sensitive map for the SSLJ . Figure 4-14 shows the map 
obtained using the WEPP model , where 79% of the area produce less than 10 ton/ha/yr , 
6% of the area might produce soil erosion in the range of 10 - 20 ton/ha/yr and 15% of 
the area has the potential to produce greater than 20 ton/ha/yr. Comparing the result 
with a map developed by Galindo ( 1991) using USLE model (Figure 4-15) , the map 
shows that only 2% of the total area present erosion under 10 ton/ha/yr , 12% with erosion 
from 10 to 20 ton/ha/yr and 86% presents values larger than 20 ton/ha/yr. Figure 4-16 
shows these differences . 
Once the WEPP generated erosion sensitive map, I visually compared sensitive 
zones in soil map compared with field conditions , found that there are good 
approximation in soil erosion classification zones. The areas that were presented to 
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Figura 4-13 . Comparison between Erosion Plots and WEPP and USLE soil erosion 
estimation; (a) 1991, (b) 1992, (c) 1993. 
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produce greater than 10 ton/ha of erosion, represent areas that have been disturbed in last 
years, particularly grassland and shrub, affected by fire and steeper lands 
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Figure 4-14. Differences in area (ha) for the SSLJ affected by soil eros10n 
comparing both the WEPP and USLE model. 
Soil erosion modeling using WEPP 
Two hypothetical disturbed areas were generated for application of the WEPP 
model to estimate change over time in soil erosion production, an area of 36.4 ha of 
disturbed agriculture and 61.5 ha that represent a high intensity forest fire (Figure 4-17) . 
A I 0-year period was selected in order to have enough time to see change in vegetation. 
Simulation was done considering disturbance of forest fire was only one time during the 
ten years , with difference in the agriculture disturbance that was presented during ten 
years. Changes in soil erosion after running the model for 10 years with WEPP is shown 
in Figure 4-18. I presented only alternate years to show the changes over time. the 
model was running only for disturbed areas, assuming that there is not much change in 
other vegetation types to facilitate the modeling. The disturbance by agriculture 
produced greater soil erosion than the area affected by forest fire (Figure 4-18 and 4-19) . 
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initial map of the SSLJ presented three classes of soil erosion in which 80% of the area 
had less than IO ton/ha , however after the agriculture establishment , the first year 
increase to 97% of land with erosion bigger than 300 ton/ha. After third year , the 
dominant classes of soil erosion were I 00 - 300 ton/ha and 300 - I 000 ton/ha (Figure 4-
18). The percent of variation on soil classes from third to tenth year are caused mainly 
by changes in rainfall (Figure 4-21) . The initial conditions for the area affected by the 
severe forest fire showed 52% the land with erosion under 10 ton/ha , however , the first 
year after forest fire the percentage change to 23 % for class erosion from 20 -100 ton/ha , 
49% for erosion from 100 to 300 ton/ha and 25% for ranges from 300 - 1000 ton/ha . 
From the fifth to tenth year erosion, the erosion classes 100 - 300 ton/ha and 300 - 1000 
ton/ha , was maintained constant although the variation in rainfall (Figure 4-19). 
Figure 4-17. Disturbance areas selected 
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Figure 4-18. Changes overtime in soil erosion for agriculture and forest fire perturbation 
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Discussion and Conclusions 
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Soil erosion from SSLJ over 3 years in sites protected for 10 years was lower 
because 70% of the all events with intensity < 30 mm/hr almost do not produce erosion ; 
and because vegetation covers that protected against the effect of rainfall impact. The 
grassland vegetation type produced greater soil and runoff producer when comparing 
with the other types of vegetation . Greater runoff in grassland of the SSLJ might be the 
result of the low rainfall interception capacity when compared with other vegetation 
types. Shrubs produced less runoff and oak-pine produced less erosion than other 
vegetation types . Soil loss was found to be more directly related to runoff and rainfall 
for these types of vegetation. These mean that larger runoff produce larger erosion. We 
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can infer from this that soil cover is the most important parameter in preventing runoff 
and soil erosion in the SSLJ. 
The WEPP model had the ability to detect vegetation type different in runoff and 
soil eros10n. Grassland had the greatest runoff and soil loss; however the model 
predicted no soil loss for the other type of vegetation . WEPP predicts the amount of 
rainfall as runoff well, as shown by the small differences with actual values for each type 
of vegetation has good predictions, because the difference is low for each type of 
vegetation . 
Erosion-sensitive map obtained from WEPP is good approximations that will 
permit develop strategies for protection and conservation of those areas with highest risk 
of erosion within the SSLJ and the Ayuquila watershed than the map generated with 
USLE that overestimate soil erosion production . In addition, WEPP has the ability to 
model for every period of time at difference than USLE model that was developed to 
work at annual base. However , for long-term modeling, WEPP had problems when is 
used under forest vegetation because of the annual base of vegetation growing . This is 
an important area to work in the model to improve the growing model for use in forest 
conditions. 
It is necessary to test and calibrate WEPP model for real disturbance conditions 
for tropical regions , principally for agriculture in steep lands ; however , under natural 
conditions I consider that the predictions obtained are, in practical terms , similar to 
observed values from erosion plots . Using WEPP with a geographic information system 
is an important tool for land planning , however, is important to work on an interface 
between WEPP model and GIS package that facilitate the exchange of information. 
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CHAPTER 5 
A YUQUILA RIVER POINT-SOURCE POLLUTION AND WATER QUALITY 
MODELING 
Introduction 
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During the l 950' s and 1960' s developed countries focused control and protection 
of aquatic ecosystems on point source discharges, with special attention to oxygen-
demanding waste from municipal and industrial point sources (Smith et al., 1987). 
However, with developing countries like Latin America, conservation of aquatic 
ecosystems in the tropics is in its infancy (Tundisi and Barbosa, 1995). Raw sewage 
from municipal and industrial sources is discharged directly into water bodies without 
treatment. In Costa Rica, only 5% of the sewage waters are treated (TLA, 2000). 
Mexico reports that for 2000, only 25% of the discharge was treated (Informador , 2000). 
Out of the existing 16 treatments plants in Guatemala only four are functioning properly . 
However , interest in the improvement of water quality has increased in countries like 
Argentina (Castane et a.I, 1995), Brazil (Medeiros , 1995; Vargas-Boldrini et al., 1995), 
Costa Rica (Pringle and Triska , 1991; Triska et al., 1993), Peru (Miranda et al., 1991), 
and Mexico (Herrera-Silveira et al., 1995; Lopez and Carranza , 1995). Water quality 
studies continue to focus, however, on the effects of point source rather than non-point 
pollution in lentic and lotic environment s. 
In Mexico , only 7% of the surface waters are considered in acceptable condition , 
and 86% are classified from contaminated to excessively contaminated (SEMARNAP , 
1999). One of the largest polluters of Mexico ' s natural water bodies is the sugar 
industry with 40% of the total discharge volume (SEMARNAP, 1999). Significant 
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efforts to control point-source pollution became important with the promulgation of the 
General Law for Environmental Protection and Ecology Equilibrium passed in 1988 
(PROFECO , 1988). In 1994, industrial wastes represented 59% of the total discharge 
volume compared with 41 % from municipal wastes (CNA, 1996), however, for 1998, 
industrial discharges dropped to 48% and municipal wastewater increased to 52% (CNA, 
1999). In addition, water treatment in Mexico increased from 17% in 1994 to 25% in 
2000 (Informador, 2000). Other watershed-scale efforts attempted to control industrial 
and village point-source pollution (Herrera-Silveira et al., 1995; Lopez and Carranza , 
1995; Vasquez et al., 1995). 
In the Ayuquila River system, point-source pollution from sugar cane production 
directly impacts human communities along the river. The Ayuquila River is the northern 
limit of the Biosphere Reserve Sierra de Manantlan (BRSM), the most important 
ecosystem reserve in western Mexico due to its diversity and richness of natural 
resources (Figure 1.1 ). This watershed has only recently gained social, political and 
academic attention for the identification of alternatives to point source pollution control. 
Descriptions of the problem and watershed characterization are described in the 
Introduction (Chapter 1 ). 
This research proposed to understand river system response to human activities 
and developed tools for watershed management and conservation of the Ayuquila River 
Watershed . Also , this research contributed to the improvement of the ability of the River 
to sustain biotic integrity and to provide local communities resources for living. A 
further goal was to extract general lessons from this experience to help other 
communities, in Mexico and abroad , to develop similar studies . 
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Objectives of this study were to identify the sources and degree of pollution in the 
Ayuquila River and understand the dynamics of point-source pollution in space and time. 
A water quality model was designed to analyze the response of the River ecosystem to 
external and internal changes in inputs and to assist watershed managers in the prediction 
of changes in the Ayuquila River that followed changes in flow and pollutant 
concentration. 
Methodology 
Point-source pollution sampling sites were established based on accessibility, flow 
patterns, and mixing characteristics of the river , point and diffuse sources of 
contamination , available personnel and facilities (Canter, 1985; Campos, 1987). Nine 
sites were selected for point-source pollution sampling (Figure 2). The El Corcovado 
(C) site represented the flow volume prior to entering the main Ayuquila River valley . 
This point represented the water quality condition of the River before principal point-
source contamination and it was considered the experimental control for subsequent 
sampling points . El Puente El Grullo (Before M) represented the site upstream from the 
sugar mill principal point-source (M). The sampling point before sewage discharge from 
the city of Autlan (AD) was indicated by Before AD. Palo Blanco (Before GD) was the 
post-discharge site for Autlan and pre-discharge site for sewage of El Grullo City (GD). 
An additional point Achacales (ACH) represented post-discharge of El Grulla sewage 
and it was located at the end of the valley. The final site Zenzontla (ZEN) was a site 
outside of the valley , after the polluted water was mixed with clear water from the Sierra 
de Manantlan Mountains. 
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To differentiate, evaluate, and classify the principal point sources of Ayuquila 
River pollution I collected and interpreted the following information (sensu Triska et al., 
1993): 
a) The amount, type and distribution of pollutants from each point-source; 
b) The impact of each pollutant on the Ayuquila River water quality; 
c) Spatial and temporal distributions of point-source pollution and flow patterns. 
For the Ayuquila River , the pollution pattern during the dry and rainy seasons was 
significantly different (Santana et al., 1993). During the dry season, the reduction of 
flow from irrigation withdrawals caused an increase in pollutant concentration from the 
three main sources (M, AD and GD). During the wet season , the increase of the total 
River volume from surface and subsurface sources in combination with seasonal closure 
of the sugar mill dilutes the pollution from urban sewage. To adequately understand 
seasonal differences I made the analysis of pollution based on dry and wet seasonal 
periods . 
The sampling period extended from June 1996 to November 2001. This period 
covered four sugar mill production seasons (November to May) and four rainy seasons 
(June to October) . The sampling cycle was every fifteen days from 1996 to 1998 to 
obtain more detailed information about the changes in time of pollution pattern in the 
River. After two years the sampling cycle was increased to monthly in 1999 to reduce 
sampling costs. Data from October 2000 to October 2001 were used to test and validate 
the water quality model. 
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In order to interpret and understand how the geomorphic characteristics of the Ayuquila 
River and the riparian ecosystems relate to water quality, I measured the following 
characteristics: 
a) The geomorphic character of River reaches based on the Rosgen classification 
protocol (Ros gen, 1994 ), including cross-sectional analysis of the floodplain, 
slope of the channel and bed substrate (Bevenger, 1995). 
b) Hydraulic characteristics included water depth, velocity and cross-sectional 
area during each sampling period at each sampling point to calculate flow 
volume and flow recovery after water diversion. These indicators 
characterized the relationships between concentration and discharge. Also, 
this information was important for calculation of loads for specific water 
quality characteristics (Chapman, 1992). 
c) Climatic conditions (temperature, evaporation and precipitation) were 
obtained from the eight regional weather stations located through the 
watershed. 
d) Site quality information included riparian vegetation, channel bank slope, soil 
type and riparian land use. This information provided an insight into the 
impacts of the local inhabitants on riparian areas, and concomitantly the 
indirect impact on River water quality (Chapman, 1992). 
Water quality analysis 
Indicators used for water quality analysis were turbidity, temperature, pH, 
electrical conductivity, alkalinity, dissolved oxygen, calcium and magnesium that were 
sampled from 1996 to 2001, biochemical oxygen demand (BOD) from March 1999 to 
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2001, nitrate and orthophosphate sampled from September 1997 to 2001, fecal and total 
coliform bacteria from July 1998 to 2001. Difference in data collection was based on 
availability of required equipment and facilities to analyze water samples. Table 1 
summarizes the indicators and their respective analyses . Total dissolved solids were 
estimated from the most common method, based on electric conductivity, which ranges 
from 0.55 to 0. 7 (APHA, 1995) using the constant of 0.64. Total loads were estimated by 
multiplying flow volume (m3s-1) by concentration (ton m-3) and for a month as time 
period. 
Table 5-1. Indicators selected and corresponding analysis methods. 
Methods 
Indicators Laboratory Field Units 
Water velocity Flowmeter (Global ms-' 
Water) 
Flow Q = Area x Velocity rnjs-1 
Dissolved oxygen YSI 85 mgr' 
Temperature YSI 85 oc 
pH Hanna pH meter 
Electric conductivity YSI 85 mS cm-2 
Turbidity Hach turbimeter NTU 
Biochemical Oxygen 5d-BOD mg.r 1 
Demand 
Alkalinity Triatrimetric method mgr 1 
Nitrate Hach ppm 
Spectrophotometer 
Phosphate Hach ppm 
Spectophotometer 
Calcium Colorimetric method ppm 
Magnesium Colorimetric method ppm 
Fecal coliform E-Coli Plates Counts/ 100 
ml 
Total coliform E-Coli Plates Counts/100 
ml 
Source : (UNESCO , 1978; Canter , 1985; APHA , A WW A and WPCF , 1985; Fresenius et al., 1988; Ward et al., 1990; 
Chapman, 1992; Cheremisinoff, 1993). 
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Statistical Analysis of water quality data 
Water quality monitoring networks often are generally multipurpose, and the data 
generated are expected to provide information about the set of objectives. Two basic 
questions that are fundamental to these objectives are the detection of water quality 
differences between location (e.g., impact of point source discharge) and the magnitude 
of change in the concentration of various constituents between two time periods (Hirch, 
1988; Loftis et al., 1991: Esterby et al., 1992). Determination that a "statically 
significant" change in space and time in water quality has occurred is viewed as strong 
evidence for contamination. Considerable attention in the literature has been devoted to 
the evaluation of appropriate statistical methods for analyzing change in water quality 
(Loftis et al., 1991 ). However, statistical procedures involve assumptions with respect to 
the population being sampled. There are some statistical characteristics of water quality 
populations, which may be amenable to generalization, and there are many that cannot be 
generalized. Thus it is often difficult to determine which statistical data analysis 
procedure is more appropriate for a given monitoring system without extensive analysis 
of background data records (Ward and Loftis, 1986). 
Three assumptions appear to be of the most concern m the use of statistical 
analysis in water quality studies; these are independence of observations, homogeneity of 
variance over the period of record, and normally distributed observations (Ward and 
Loftis, 1986). However, water quality data, in general, violate most of the above 
assumptions (Smith, et al., 1982). 
Several parametric procedures such as the two-sample t-test and the related F-Test 
in analysis of variance (ANOV A) are often cited as being robust to non-normality. This 
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robustness is based on the results of the Central Limit Theorem, which states that for 
large sample sizes the means are normally distributed, even though the data producing 
those means may not be (Helsel, 1987). Sample size of at least 30 observations 
minimizes the error by non-normality (Iman and Conover , 1983). Another way to deal 
with normality is to transform the data set or the use of nonparametric statistical analysis 
(Ponce, 1989). 
Transforming the data does not reduce variation or convert a complicated non-
linear model into a simple linear form . There are often statistical justifications for 
making transformations and then analyzing the transformed data . It may be necessary to 
stabilize the variance, to make the distribution normal, or to make effects additive. The 
most common and important use is to stabilize the variance (Berthouex and Brown, 
1994). 
Non-parametric techniques for the detection of trends in such water quality data 
sets have received considerable attention because fewer assumptions must be satisfied 
than with parametric methods (Esterby et al , 1992). The use of nonparametric 
procedures for comparing two locations when where paired (when the subject is 
measured before and after some manipulation) is or is not possible and for comparing k 
number of locations with or without blocking, which are analogues to two-way and one-
way analysis of variance, respectively (Gilbert, 1987). However, nonparametric tests 
involve the assumption of serial independence , this means that a given measurement does 
not depend on a prior measurement or measurements, which may be tenable for water 
quality data collected over time if the sampling interval is long enough (Lettenrnaier, 
1976). 
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Non-normality of the data is generally less serious than lack of independence. 
Lack of independence , however, can be very serious since it is almost impossible to 
correct and invalidates the levels of significance (Dunn and Clark, 197 4) 
Based on an extensive review of the statistical analysis literature and statistical 
consulting (Susan Durham, personal communication), Ayuquila River water quality data 
analysis was accomplished in two ways. For data collected along the length of the River, 
that are linearly dependent and do not meet ANOV A assumptions, descriptive analysis 
and charts were used; for point-source pollution data that do not present the same 
problems of meeting the statistical requirements and the above and below sampling sites 
were analyzed using one-way analysis of variance by season (dry season and wet season). 
Water quality modeling 
Water quality models are designed to analyze the behavior of a riverine ecosystem 
in response to external and internal inputs, and to help managers predict changes in the 
aquatic environment that follow changes in flow volumes and pollutant concentration. 
Physical and chemical indicators (water flow and water quality) were used to generate 
simulation models using Stella software (HPS, 1996). Stella is a powerful and flexible 
computer package for building simulation models of dynamic systems and processes. 
The Ayuquila water quality model divided the length of the Ayuquila River into 
sections. These sections represented the use of water and the discharge of returning 
water from different sources along the River corridor. Each section was considered as a 
separate stock or pool. This means that the use and discharge of water defined the water 
quality and quantity of each section at each sampling site. The concept was to link the 
relationship between water quality and quantity and to predict the changes in these 
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characteristics in time and space. Two simulations models for water quantity and water 
quality were developed. 
The water quantity model (WQTM) was developed using the Mexican National 
Water Commission (CNA) daily runoff database from January 1996 to July 1998 at 
Corcovado diversion dam (this data describes only the amount of water diverted to the 
irrigation channels) and from field runoff measurements taken for this study from 1996 to 
2001, as described above at each segment of the model for a period of three years 
collected every fifteen days . The WQTM is considered a water distribution analysis 
from inputs to the valley system from tributary watersheds until the water leaves the 
valley at the Achacales site (Figure 5-2). 
The water quality model (WQLM) was based on the Water Quality Index (WQI) 
concept used by CNA (1999) and adapted for use in Stella. The WQI indicates the degree 
of water contamination at the time of sampling, expressed as a percentage of pure water. 
A WQI close to or equal to zero is highly polluted and an index close to 100% is water 
quality in excellent condition (Table 5-2). I based the WQI on the following equation: 
where: 
n IIw 
i i 
i = I WQI = -'-----=----
n Iw 
i = I 
WQI = Water Quality Index 
Ii = Water indices by indicators (equations depicted in table 5-3) 
Wi = Weighted indicator 
(5.1) 
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Nash Sutcliffe model (Nash and Sutcliffe, 1970) was used to evaluate the 
efficiency to predict WQI at three sites BA, BG and ACH: 
n L (Qmi - Qci )2 
Model Coefficient= 1- _;:-1-----
:Z: (Qmi -Qm)2 
i=l 
where Qm; represented the measured value of event i, Qc; is the computed value of event 
i, and Qm is the mean of measured values. In this method, a value of one indicated a 
perfect model, a value of zero indicates that model results were no better than the mean 
measured value, and a value less than zero indicated that using model predictions would 
be worse than using the mean. 
Table 5-2. Water classification for specific use usmg the water quality index (WQI) 
(CNA, 1999). 
WQI WATER USE 
Value Criteria Public supply Recreation Fisheries and Agriculture and Navigat ion 
(%) wildlife Industr y 
100 Does not require Does not require 
Excellent purification treatment 90 Good for sport Good for aquatic 
use and recreation wildlife Minimal Requires 80 Good purification treatment 
Good 
70 
Good only for non-
60 Water treatment sensitive species Does not require 
and purification Not recommended Bad for sensitive water treatment 
50 Polluted species for industrial use 
Highly polluted Not recommended Not recommended Requires 40 Acceptable for treatment for 
30 Prevent water resistant organisms industrial use 
contact 
Visibly polluted Restricted use Polluted 
20 Unacceptable Unacceptable 
Unacceptable 
10 Unacceptable Unacceptable 
Unacceptable 
0 
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Table 5-3. Mathematic model for each indicator for WQI 
Indicator Ranges Point Values/ Equation Weight 
values (Ii) (Wz) 
< 6.7 } o(U.LJJ)•pH+U.44) 
pH 6.7 - 7.58 100 1.0 
> 7.58 l 0(4.22-0.293*pH) 
Color (C) <2 .03 100 1.0 
>2.03 123(C)o29s 
Turbidity (T) JTU < 1.545 100 0.5 
> 1.545 108(T)°-178 
Dissolved Solids (DS) < 521 100 1.0 
(mg/1) 521 - 6230 109.1 (0.175)DS 
> 6230 0 
Chlorine (CL) (mg /I) < 2.36 100 0.5 
> 2.36 121(CL) 0223 
Oxygen (0) (mg /1) O>OS 100 5.0 
O<OS (0/0S)*lOO 
BODs (mg/1) < 1.335 100 5.0 
> 1.335 120 (BOD 5) 0 673 
Electrical < 86 100 2.0 
Conductivity (EC) > 86 540(EC)°- 378 
(mS /cm) 
Alkalinity (AK) < 1.3 100 1.0 
(mg /1) > 1.3 105(AK) 0 186 
Hardness (H) (mg /1) Every value 10(1.~14-u-uu114 MJ 1.0 
N-N04 (mg /I) < 4 .1 100 2.0 
> 4 .1 l 62.2(N-N04) 0343 
Phosphate (P0 4) < 0.098 100 2.0 
(mg /I) > 0.098 34 .215(P04) 046 
Total Coliforms (TC) < 100 100 3.0 
(MPN/100 ml) > 100 97.5(TC) 027 
Fecal Coliforms (FC) < 100 100 4.0 
(MPN/100 ml) > 100 97.5(TC*5) 027 
For the case of the oxygen md1cator, the WQI considered a relat1onsh1p between the amount of oxygen that 
water should have at determined temperature (Oxygen Saturation) and the oxygen that water might have at 
sampling time. Oxygen saturation was estimated based on next equation : 
OS = e[(-I39.344IJ+(I.575701 • 10s)rr - < 6.642Jos• 101)ff2 + < 1.243s• 1010Jrr  - (s.621949• 1011)rr4J 
OS = Oxygen saturation 
T = Temperature in Kelvin degrees (°K); °K = °C + 273 .5 
Water diversion and storage and its 
impact on flow regime 
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Results 
Water storage and diversion represent serious problems to the integrity of the 
Ayuquila River aquatic ecosystem. During the dry season, at the entrance to the valley 
all water was diverted for irrigation purposes at the El Corcovado Diversion Dam. 3 to 
5 km stretch of the River was dewatered, and it gained downstream water from 
groundwater and from irrigation return flows . Figure 5-3 shows mean flow at selected 
points along the River and illustrates how flow was reduced after Corcovado. The River 
recovers flow volume as the irrigation return flow water and sewage water re-enter the 
River. The main sources of water for the River after El Corcovado were the Autlan Drain 
and the El Grullo Drain that discharge mixed water from sewage effluent and irrigation 
return flow (Figure 5-2). Also, multiple irrigation return flows occurred from adjacent 
farmlands . 
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Figure 5-3. Flow variation along the River for the dry and rainy season 
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During the rainy season, the Ayuquila flow regime was still critical for biological 
integrity of aquatic living organisms because of low flow. Filling of Trigomil Dam 
(Figure 1) for the next year's irrigation season caused this critical period . This storage 
caused a segment of the River to have very low flow from El Corcovado to the Autlan 
Drain. This period occurred between June and July, at the end of the irrigation season 
(May) and before the beginning of the rainy season (June) and before runoff increased the 
base flow of the Ayuquila River (July) as described in Figure 5-4 for a three-year average 
data. Figure 4 also shows differences between the dry and rainy seasons and the low 
flow period between them. The flow increased once the River crossed the Autlan Drain 
and collected runoff water from the Autlan subwatershed. Flow increases continuously 
until the River enters the BRSM (Figure 5-4). A five-year time series was charted at El 
Corcovado (Figure 5-5) and shows how the flow dropped to levels of less than 1 m3s-1 
during June and July over three years . 
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Figure 5-4. Flow fluctuation at three different times of the year using average three-year 
data along Ayuquila River. 
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Figure 5-5. Flow time series at the El Corcovado site (1996-1999). 
Geomorphic characterization of Ayuquila River 
sampling reaches 
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Rosgen classification at sampling site reaches was used to compare the impact on 
channel morphology of water diversion and storage and the management of the riparian 
areas along the Ayuquila River. Table 5-4 describes the main geomorphic 
characteristics at each site. Entrenchment ratio (ratio of the width of the flood-prone 
area to bankfull surface width of the channel) allowed me to analyze how after the El 
Corcovado site this ratio was significantly reduced. Sites Before Mill and Before Autlan 
were considered entrenched, Before Grullo, Achacales and Zenzontla moderately 
entrenched and El Corcovado slightly entrenched. Entrenched channels tend to increase 
in depth more rapidly that in width as the discharge increases (Bohn, 1998). In addition, 
133 
the width/depth ratio was altered in the 8 km between Before AD and Before GD, caused 
by the reduced floods controlled by Trigomil Dam and by the pressure agricultural areas 
put on the function of riparian areas when compared with reaches from El Corcovado to 
Before Mill. However , values obtained for these sites were considered from moderate to 
high in relation to Rosgen classification and should be consider as aggrading reaches 
(Gordon et al., 1992). River gradient was at its lowest value at Before GD causing a 
reduction in flow velocity and an increase in aggradation as bedload was deposited. 
From the sampling site Before M until Before AD about 6 km of dredging removed 
deposited sediment increasing the depth and protecting downstream farms from flooding . 
Dredging has caused severe disruption of the channel substrate , perturbation that 
suspends bedload and then removes riparian vegetation . In addition, crop production has 
led to a reduc tion in riparian area size in an attempt to maximiz e the cultivated surface . 
Channelization and crop cultivation cause increased confinement that wa s reflected in a 
reduction of cross-sectional area at this section of the River. Channelization made 
reaches straight and smoother providing less resistance to flow and reducing turbulence 
(Roberge , 2002) . 
T bl 5 4 G a e - eomorp h" h r h . A 1c c aractenst1c at samp mg site reac es m yuqm a 1ver. 
Bank full Flood Prone 
(m) Width Entrenchment Width / Slope 
Site Width Max Depth Mean Depth (m) Ratio Depth 
Corcovado 41.0 0.98 0.62 230 5.6 66 0.04 
Before Mill 32.0 0.74 0.46 36 .7 1.14 69.0 0.04 
Before 21.7 0.67 0.34 29.0 1.30 32 .0 0.04 
Autlan 
Before Grullo 16.0 0.88 0.56 23.4 1.46 28 .5 0.01 
Achacales 37.5 1.06 0.68 57.6 1.50 55.1 0.02 
Zenzontla 41.8 0.50 0.33 63.5 1.50 126.6 0.10 
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Cross sections at each reach and the distribution of particles sizes are depicted in 
Figure 5-7. A slope approaching 45° for the cumulative particle size curve presents a 
particle size distribution that reflected a heterogeneous substrate (Ros gen, 1994 ). El 
Corcovado and Zenzontla sites exhibited the most heterogeneous bed particle size 
distribution than all other sampling sites in the valley. The D50 particle (size at which 
50% of sample population have same size or finer) for El Corcovado and Zenzontla was 
between 60 -75 mm, compared with the Dso for other reaches of 0.5 mm. The most 
heterogeneous bed particle size distribution will also produce heterogeneous habitat 
diversity, for fish and aquatic invertebrates (Shields and Smith, 1992; Newbury and 
Gaboury, 1993 ). Before Mill, Before Autlan , and Before Grullo sites presented a flat 
surface dominated by fine sediment and a homogenous substrate and few riffles. The 
Achacales site had a greater distribution of particles sizes but remained dominated by 
finer sediment. 
Impact of point-source pollution discharge in the 
Ayuquila River ecosystem 
Results clearly indicated the differences in water quality between the dry season 
(irrigation season and sugar mill production) and the rainy season. Figure 8 shows the 
main characteristics and their change along the River once the point-source pollution was 
discharged . 
Temperature is one of the variables that change due to several processes that 
include groundwater and tributary inflows, ambient air temperature, riparian vegetation 
characteristics, etc. Temperature changes naturally with these processes. During the 
dry season, after water leaves the Corcovado Canyon, temperatures averaged 20.5°C and 
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increased to 22.7°C at the site Before Mill , a distance of 12.5 km. Along this path the 
water travels approximately 20 km through various channels before returning to the 
River. In this section the average temperature increased 1 °C every 10 km. However, 
from the sites Before Mill to Before Autlan, and once the effluent was discharged from 
the Mill, River temperatures increased on average almost 1.5°C in 6 km. The more rapid 
increase was caused by the discharge of hot water from the Mill, with an average 
temperature of 36.6°C and a maximum recorded temperature of 45°C (Table 5-3). The 
wet season presented a similar pattern to the dry season along the River, differences in 
temperature between El Corcovado and Before Mill showed a slight reduction from one 
sampling site to the other. However , when at the Corcovado site the flow was lower than 
Before Mill, temperature was greater at Corcovado site, this is common during the month 
of July . 
In the dry season, turbidity increased by a factor of three when River water mixed 
with Mill effluent and Autlan Drain irrigation return during the dry season . Effluent 
turbidity from the Mill was five times greater and flow volume was twelve times lower 
than at the Autlan Drain (Table 5-5). During the rainy season, turbidity increased more 
from tributary inflows . However , because of the reduction of returning waters from 
Autlan Drain , the most concentrated flow from this drain considerably increased turbidity 
in the River. 
Electrical conductivity (EC), alkalinity and water hardness considerably increased 
once the River mixed with the Mill effluent and also increased rapidly along the River as 
a consequence of irrigation return flow . Indicators values were slightly greater during 
the dry season when compared to the rainy season (Figure 5-6). 
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Changes in pH showed a different pattern than EC, alkalinity and hardness with 
higher pH values at the beginning of the valley followed by a decrease to near neutral 
after mixing with the Mill effluent. pH values increased gradually along the length of 
the River reaching a maximum at the Zenzontla sampling site due to point discharges. 
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to point discharges. 
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Table 5-5. Physical-chemical and biological characteristics at three point-source 
discharges 
Dry Season Rainv Season 
Autlan El Grullo Autlan El Grullo 
Mill Drain Drain Mill Drain Drain 
Flow (m3s' 1) 0.1 1.2 0.9 0.02 1.2 0.88 
tTemperature (0 C) 36.6 22.8 22.5 28.3 26.6 26 
Dissolved Oxygen 
(mg r1> 0.4 3.2 I.I 0.5 2.65 1.49 
Percent Oxygen 
!Saturation(%) 6.12 37.34 12.30 7.5 33.19 18.52 
BOD~ 329.4 335.8 349.9 32035 278 311.4 
trurbidity (NTU) 353 69.4 34 195 116 36.5 
E.C.(mS cm·' ) 829 288 644 840 348 747 
Fecal Coliform 
(counts/100 ml) 3352 1993 1611 3595 3138 2728 
pH 6.0 7.0 7.2 6.74 7.0 7.15 
Alkali (mg r 1) 474 .2 1293 271.1 359 .7 138.6 1 338.97 
Hardness (mg r') 1632.6 449 .6 898.7 1230 484 .6 1080.61 
Chlorine (mg 1'1) 1533 25 61 177 77 106 
Nitrates (mgr ') 9.8 2 .5 1.2 6.62 
I 
2.8 1.25 
Phosphates (mgr') 0.6 0.5 0.8 0.6 1.67 1.3 
Water along the River was unhealthy for recreational activities based on water 
quality standards defined for Mexico (Table 5-6). Fecal and total coliform bacteria were 
higher than the standard at all of the sampling sites (Figure 5-7). It is important to note, 
however , that values were higher during the rainy season for two reasons: 1) Water from 
urban sewage was not diluted with water from irrigation return flow ( e.g., Autlan Drain 
discharge into the River) ; and 2) Rainy season overland flow can move fecal coliform 
bacteria from livestock feeding areas into the River. This activity was more evident in 
El Corcovado, where cattle were close to the River in both dry and rainy seasons. 
Within the valley, sugar cane dominated the riparian landscape and cattle were restricted 
from grazing near to the river's edge. 
138 
Table 5-6. Water quality standard for Mexico (SEMARNAP, 1996) 
RIVERS 
INDICATOR Irrigation Use Public Urban Use Aquatic Life Protection 
(A) (B) (C) 
Monthly Daily MA DA MA DA 
Average (MA) Average 
(DA) 
Temperature (0C) (I) ... ----- 40 40 40 40 
Oil and grease (mg/I) (2) 15 25 15 25 15 25 
Floating material (mg/I) (3) None None None None None None 
Total Suspended Solids (mg/I) 150 200 75 125 40 60 
Biochemical Oxygen 150 200 75 150 30 60 
Demand, (mg/I) 
Total Nitrogen 40 60 40 60 15 25 
Total Phosphorus 20 30 20 30 5 IO 
Arsenic 0.2 0.4 0.1 0.2 0.1 0.2 
Cadmium 0.2 0.4 0.1 0.2 0.1 0.2 
Cyanide 1.0 3.0 1.0 2.0 1.0 2.0 
Cupper 4.0 6.0 4.0 6.0 4.0 6.0 
- · l 1.5 0.5 1.0 0.5 1.0 
- -
Mercury 0.01 0.02 0.005 0.01 0.005 0.01 
Nickel 2 4 2 4 2 4 
Lead 0.5 I 0.2 04 0.2 04 
Zinc IO 20 10 20 10 20 
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Figure 5-7. Fecal coliform distribution in the Ayuquila River 
Dissolved oxygen was greatly impacted by point-source pollution. Figure 5-8 
shows how dissolved oxygen dropped drastically after mixing with Mill effluent, and 
continued to decline after mixing with the Autlan sewage discharge . This drastic decline 
resulted in no living indicator organisms (fish and insect larvae) for 20 km. 
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Figure 5-8. Oxygen concentration impacted by point-source discharges 
along the River from Corcovado . 
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Major species of fish do not survive DO concentrations below 5 mg rt. Within 
this 20 km segment, oxygen concentration was low all year; the rainy season had no 
ameliorating effect. The dry season had a lower average concentration of 1 mg r1; 
however, there were some months in which concentrations dropped to O mg rt. Fish 
were present before the point-source discharges and after the valley, once the River 
received clean water from the Manantlan tributary that flows from BRSM. 
Because the level of dissolved oxygen is often dependent on River temperature , 
an increase in temperature often reduces the oxygen availability of water (Tchobanoglous 
and Schroeder, 1987). Due to differences in temperature between all sites, comparing 
sites by DO concentration could produce a misinterpretation of the water quality. For 
this reason, percentage of oxygen saturation was calculated at each site. Figure 5-9 
shows the percent of oxygen saturation along the River. Oxygen saturation followed the 
same pattern as dissolved oxygen concentration . 
Organic matter discharged from the Mill coupled with shallow gradients and fine 
bed particles that characterized bedload of the River, resulted in little turbulence and 
consequently low oxygenation in River waters. El Corcovado and Zenzontla had higher 
oxygen saturation values with the combination of lower temperatures and lower organic 
matter input. 
Reduction of oxygen concentration along the River was caused by discharged organic 
matter from three main point sources, M, AD and AG. Figure 5-10, shows the increase in 
BOD after point source discharges, and how BOD increased along the River. After the 
River leaves the valley, and tributary inflows from the BRSM enter the River, the 
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influence of organic matter was reduced by the time water reached ZEN and returned to 
Corcovado ( or control) conditions . 
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Figure 5-9. Oxygen saturation as result of water pollution along 
the length of the River from El Corcovado to Zenzontla. 
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Figure 5-10. BOD increase after point-source discharges 
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Nitrate and ortho-phosphate concentrations along the River do not represent a 
problem to aquatic resources. High values of nitrates were found at the Before Mill (BM) 
site and after that it decreased downstream. The three points sources appeared to increase 
this nutrient only slightly . During the dry season, ortho-phosphate increased after the 
Mill (M) discharge entered the River, however, concentrations were lower than 1 mg/1 
and did not represent a serious problem for aquatic organisms . During the wet season 
ortho-phosphate increased after the Autlan Drain (Figure 5-11 ). 
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Figure 5-11 . Ortho-phosphate concentration distribution along the River 
Discussion 
Degradation in water quality caused by diversion, returning flow, and point source 
pollution could have important impact on the biological integrity of living organisms 
along the Ayuquila River. The increase on average 4 °C in water temperature could 
impact biochemical reactions and metabolic changes in living organisms. Normally , 
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mcreases in temperature cause an increase in an organism's metabolic rate (Warren, 
1971 ). When there is limited food, the increase in temperature could result in an 
increased competition for food supplies (Reeves et al., 1987). Increases in temperature 
also result in decreasing oxygen solubility that limit the oxygen available for aquatic 
biota (FISRWG , 1998). In addition to declining oxygen solubility with increased of 
organic matter increasing BOD caused dissolved oxygen in the River to drop to levels . 
that limit the survival of aquatic organisms. Values measured after Before Grullo to 
Achacales were lower than 2 mg/1 that likely caused limiting conditions for aquatic biota 
(USEPA, 1997; FISRWG , 1998). Although values of electrical conductivity (EC) found 
in the River did not represent a risk for aquatic organisms , EC averaged from 100 
mS/cm2 to 300 mS/cm2. There were times of year that EC reached to 3800 mS/cm2 as the 
results of water returning from Autlan Drain and Grullo Drain channels . Turbidity was 
also considerably affected along the river , this changes from values of 10 NTU at 
Corcovado to maximum values of 200 NTU at the Before Grullo site . As a 
representation of suspended sediment , changes m turbidity could have considerable 
affects on fish that include reducing spawning habitat (Slaney et al. , 1977), limiting the 
ability of fish to find food (Sigler et al., 1984), increasing susceptibility to predators 
(Gradall and Swenson , 1982), and increasing gill abrasion (Goldes , 1983). 
Statistical analyses to evaluate the impacts of 
point-source pollution in the river 
For the dry season , significant differences were found between point-sources for 
pH, temperature, dissolved oxygen , oxygen saturation, turbidity , nitrate, electrical 
conductivity, alkalinity, hardness and chloride. Non-significant differences were found 
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for total and fecal coliform bacteria , ortho-phosphate and BOD. The Mill was 
statistically different when compared to Autlan for all indicators, and the Mill was 
different than Grullo Drain for percentage oxygen saturation, pH, temperature, turbidity, 
nitrate, alkalinity, hardness and chloride; and similar for dissolved oxygen and electrical 
conductivity. Autlan Drain and Grullo Drain were statistically greater for dissolved 
oxygen and significant lower for electrical conductivity, alkalinity and hardness (Table 5-
7). During the rainy season, patterns were similar between the three sites . The Mill site 
did not present significant difference to Grullo Drain for dissolved oxygen, percent of 
oxygen saturation, electrical conductivity , alkalinity and hardness. The Mill was similar 
statistically to the Autlan Drain for temperature and pH. Autlan Drain was similar to 
Grullo Drain for temperature, pH, nitrates , and chloride; and different for dissolved 
oxygen , percent of oxygen saturation, turbidity, electrical conductivity, alkalinity and 
hardness (Table 5-8). 
ANOV A was used to identify differences between point-source discharge sites for 
total load of nitrate, ortho-phosphate, alkalinity (as mg/I of CaC03), hardness (as mg/I of 
calcium and magnesium), and chloride. Table 5-9 depicts total load (ton) by season for 
each of the point-source discharge sites. Differences exist for total loads. Mill 
discharge was less different from Autlan Drain and El Grullo Drain for hardness and 
chloride for dry season, alkalinity , phosphate , hardness and chloride for wet season . Mill 
is similar to El Grullo for nitrates in both seasons. Grullo Drain is similar to Autlan 
Drain for alkalinity and hardness for dry season and similar to phosphates for wet season. 
Mill discharge has the worst water quality conditions in terms of concentration at 
almost all indicators. Comparison between Autlan Drain and Grullo Drain shows that in 
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general terms are equal, however, for some important indicators like dissolved oxygen , 
electric conductivity and alkalinity in Grullo Drain present worst conditions . Although 
that Autlan Drain discharge sewage water from Autlan 's population two times bigger that 
El Grullo 's population, dissolved oxygen concentration at AD is lower that GD, because 
sewage water from AD has a travel distance of around 20 km and sewage water from 
Grullo Drain travel around 9 km. In additions, AD collect more water from returning 
irrigation than GD (Table 3). High concentrations in electric conductivity and alkalinity 
in GD could results of two aspect, one is the dilution effect of returning water in which 
GD has lower flow than AD; the presence of more lands with salinity problems in east 
side of the valley. Autlan Drain has the higher load discharges into the River, following 
by Grullo Drain and Mill. However , Grullo Drain presents higher concentration for 
alkalinity that could be related with the presence of salinity lands on valley's east side. 
Table 5-7. Results from ANOV A analysis between three point sites for dry season 
Indicator MILL AUTLAN GRULLO DRAIN 
DRAIN 
Temperature 36.58 a 22.8 b 22.45 
Dissolved Oxygen 0.43 a 3.17 b 1.06 
Percent Oxygen 6.12 a 37.34 b 12.3 
Saturation 
BOD s 329 .35 a 277 .99 a 311.49 
Turbidity 353 .3 a 69.47 b 34.02 
pH 5.95 a 6.99 b 7.22 
Nitrates 9.83 a 2.45 b 1.21 
Phosphates 0.55 a 0.49 a 0.80 
Electrical 829.26 a 288.07 b 644 .52 
Conductance 
Alkalinity 474 .2 a 129.28 b 271 .04 
Hardness 1632.63 a 449.58 b 898.7 
Chloride 153.26 a 24.97 b 61.88 
Total Coliforms 3515 a 1993.57 a 1629.29 
Fecal Coliforms 3352.14 a 1993.57 a 1611.42 
Note: S1mtlar letters represent non-s1gmficantly difference between sites , different letters means significantly 
difference between sites . 
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Table 5-8. Results from ANOV A analysis between three point sites for wet season 
Indicator MILL AUTLAN GRULLO DRAIN 
DRAIN 
Temperature 28.39 a 26.67 ab 26 
Dissolved Oxygen 0.57 a 2.65 b 1.49 
Percent Oxygen 7.51 a 33.19 b 7.51 
Saturation 
BOD5 320.3 a 278 a 311.5 
Turbidity 195 a 116.6 b 36.59 
pH 6.74 a 7.06 ab 18.52 
Nitrates 6.62 a 2.8 b 1.25 
Phosphates 0.66 a 1.67 a 1.3 
Electrical 840 a 348.4 b 747.3 
Conductance 
Alkalinity 359.7 a 138.6 b 338 .9 
Hardness 1230.2 a 484.6 b 1080.6 
Chloride 177.5 a 77.04 b 106.3 
Total Coliforms 4722 .2 a 3228 a 2746 
Fecal Coliforms 3595 a 3138 a 2728 
Note: Similar letters represent non-significantly difference between sites, different letter s means significan tly 
difference betwe en sites. 
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Table 5-9. Average monthly total load discharges into the River for each point-source 
(ton) 
Mill Autlan Drain Grulla Drain Mill Autlan Drain Grulla Drain 
Dry Season Wet Season 
Nitrates 1.98 a 8.92 b 2.95 a 0.29 a 9.15 b 2.67 b 
Phosphates 0.103 a 1.89 b 2.11 b 0.02 a 5.7 b 2.69 ab 
Alkalinity 96 a 416 b 640 c 22.21 a 384 b 701.52 c 
Hardness 334 a 1412 b 2095 c 73 a 2473 b 1358 c 
Chloride 27.3 a 78.3 b 141.9 c 17.2 a 356 b 253 c 
147 
ANOV A was also used to identify possible differences in River pollution between 
above and below each point source and decide which sites were the most affected by 
pollution. This analysis showed that for the dry season, a lack of significance for all of 
the water quality indicators with the exception of dissolved oxygen, percent oxygen 
saturation and BOD (Table 5-10). Dissolved oxygen was significant different BM-BA, 
BA-BG and BG-ACH. Percent oxygen saturation was highly significant different when 
comparing BM-BA sites and BG-ACH sites, and significant for BA-BG sites. Dissolved 
oxygen and percent oxygen saturation changed significantly after water mixed with sugar 
mill effluent dropping from 5.73 mg/I to 1.47 mg/I and form 66.5% to 17.4% 
respectively, and following AD, dissolved oxygen dropped from 1.47 to 0.66 and percent 
of oxygen saturation from 17.42% to 7.67%. For GD, ANOVA a significant differences 
increasing dissolved oxygen and percent oxygen saturation from 0.66 to 1.98 mg/I and 
from 7.67% to 22.99% respectively . This situation could be explained by the greater 
particle size in the bed after GD (Figure 5-7) that increases water turbulence and 
oxygenation . In addition , the temperature of water decreased after El Grullo likely 
increasing the potential oxygenation of water and oxygen solubility. Also, flow in the 
river at the time that GD discharge has six or seven times more water than GD drain 
having a dilution effect. For wet season , there were no significantly differences for all 
sampling sites above and below point sources and for all indicators with the exception of 
BOD between BM and BA that presented higher significant difference between this two 
sites (Table 5-10). 
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Table 5-10. ANOV A results from above and below comparison for both seasons 
Indicator Above Below Above Below Above Below 
BM BA s BA BG s BG ACH s 
Dry Season 
Dissolved 5.73 1.47 ** 1.47 0.66 ** 0.66 1.98 ** 
Oxygen 
Percent 66.53 17.42 ** 17.42 7.67 * 7.67 22.99 ** 
Oxygen 
Saturation 
800 5 16 204.3 ** 204.3 283.44 NS 283.44 297.53 NS 
Wet Season 
800 5 15.56 214.46 ** 214.46 272 .36 NS 272.36 278.35 NS 
Note: * significantly; * * highly significantly; NS non-significantly 
Water quantity modeling using Stella 
Understanding the impact of water diversion and water recovery along the River is an 
important issue to why modeling the River system. Figure 5-12 shows the distribution 
of water flow along the River. Approximately 500 m below Corcovado (C), water was 
diverted at the Corcovado Diversion Dam (CDD) to irrigation channels seven months of 
the year and on occasion during the rainy season (Figure 5-2) . Two main channels 
distribute water along the valley, a left channel (LC) that moves water to the east of 
Ayuquila River and a right channel (RC) that irrigates to the west. In addition, LC 
sends a small part of its water to El Limon valley, a valley of outside the watershed. The 
amount of water is variable because this water is only a complement to the water used at 
El Limon valley. During the wet season, water from Corcovado flows directly to the next 
site Before Mill (BM), however, water quantities were low due to storage behind 
Trigomil Dam. To model water diversion at CDD, 2.5 years of daily data from the 
National Water Commission were used to generate regression equations that permit us to 
predict at site C how water will be diverted at RC, LC, El Limon and the amount that will 
continue along the River (Figures 5-13 and 5-14 ). During the dry season, flow 
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differences between Corcovado and RC and LC sites were the amount of water that is 
sent to El Limon . For wet season differences between those same sites is the amount of 
water that continues along the River. 
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Figure 5-12 . Water distribution along the Ayuquila River 
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Figure 5-14. Regression estimation for water diversion to left channel (LC) 
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Regression equations were used as input to Stella to allow the automatic 
calculation of water diversion based on the flow available at the Corcovado site as input 
to the model (Figure 5-15) . Table 5-11 describes the basic symbols used for modeling. 
Table 5-11 . Basic symbols and their description action within a Stella produced model 
Symbol 
0 
Description 
The job of Flows is to fill and drain 
accumulations. The unfilled arrow head 
on the flow pipe indicates the direction 
of positive flow 
Stocks are accumulations. They collect 
whatever flows into them , net of 
whatever flows out of them. 
The Converter serves a utilitarian role 
m the software. It holds values for 
constants , defines external inputs to the 
model , calculates algebraic 
relationships , and serves as the 
repository for graphical functions. In 
general , it converts inputs into outputs. 
Hence , the name "converter." 
As its name suggests, the job of the 
Connector 1s to connect model 
elements . It define the relation within 
elements , flows or converters . 
~ 
TrigQmil f ow~ 
.......... 
8 Limon 
Figure 5-15. Segment of Stella model that estimate water diversion from 
Corcovado flow. 
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The next step in the water quantity model was to make a connection between 
Corcovado flow (C) and the next point along the River Before Mill flow (BM) and the 
relation between RC flow with Autlan Drain flow (AD), that collects flow from the west 
side of valley; and finally to find the relationship between LC flow and the Grullo Drain 
flow (GD) that collect water on the east side of the valley. However, any relationship 
that could be found between these three sites is difficult to model because the water does 
not travel along a direct path. From C to BM, the River is dewatered and dried, the 
River flow recovers from groundwater and small drains that collect water from the 
irrigation parcels. Irrigation parcels include around 12,000 ha of irrigated lands. The 
same patterns are shown at both AD and GD drains. It is not possible to model the 
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connections between these three sites with the information that is currently available. To 
complete the model for these three sites it will be necessary to collect data on the 
movement of groundwater and to know how much 
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Figure 5-16. Water quantity model from BM site to ACH site 
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water is applied for irrigation that percolates to groundwater and returns to the River. 
Based on this limitation described to model this connection, the water quantity model was 
divided in two segments, one segment from Corcovado to the Corcovado Diversion Dam 
and irrigation channels (Figure 5-15); and the other segment between Before Mill (BM) 
and Achacales (ACH) (Figure 5-16). 
Flow predictions between sites were accomplished from BM to BA, BA to BG 
and BG to ACH using regressions equations as depicted in Figure 5-17. These equations 
produce input to the model that predicts together water quantity and water quality . 
Water quality model 
A water quality model was developed to predict changes in indicator 
concentration as a result of the discharge of point sources. A sub index ( e) was added to 
estimated site names to differentiate the field-measured data with model-estimated data. 
To model estimated data for the Before Autlan (BAe) site, I combined the values from 
Before Mill (BM) and Mill (M). To estimate water quality of Before Grullo (BGe), I 
combined the water quality at BAe and Autlan Drain (AD). Finally , to estimate water 
quality at Achacales (ACHe) at the end of the valley, water quality at BGe and from the 
El Grullo Drain (GD) were combined . Flow estimation at each point was produced from 
the regression equations used in the water quantity model. 
For each indicator considered for the WQI in Table 5-5, I developed multiple 
regression equations at the three sites predicted, BAe, BGe and ACHe. Tables 5-11, 5-12 
and 5-13 describe the site, the indicator and the best predictors. In the case of site BAe, 
an annual equation was developed, however, this equation over predicts the dissolved 
oxygen in the River. For wet season, predicted equations presented good results, but for 
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the dry season, and specifically for the dissolved oxygen estimation, it was not possible 
find an equation that predicted the impact of Mill discharge on dissolved oxygen of the 
River. Several curve estimators ( eg. Polynomial, exponential ) were tested without 
obtain a good curve estimation. The cause of this problem was that Mill water is 
characterized by high temperatures; high BOD and very low to zero dissolved oxygen . 
The greater number of zero values for dissolved oxygen in the Mill discharge did not 
allow the determination of a good predictor, because for a value of zero dissolved 
oxygen, there are different values for temperature and BOD for M and BA (Figure 5-18). 
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Figure 5-18. Relation of dissolved oxygen between M and BA for dry season 
Because this estimation is important to the estimation of next site along the River , 
I tried to solve the problem based on an estimation of oxygen saturation (equation in 
Table 5-5) from the temperature at the BA site and from the deficit of oxygen saturation 
in BA. Deficit of oxygen saturation is the difference between the amount of dissolved 
oxygen that should occur based on BA water temperature (oxygen saturation) and the 
amount of dissolved oxygen that occurred at sampling time . The monthly values of 
deficit saturation for BA sites are described in Table 5-12. 
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To estimate dissolved oxygen at Before Autlan (BA) the following equation was 
used: 
Dissolved oxygen (BA) = Oxygen saturation (BA) - Monthly constant value of deficit oxygen 
saturation 
This approach was based on what the temperature and dissolved oxygen were at 
site BA caused by Mill discharge. 
Table 5-12. Regression equations for predicting indicator values at Before Autlan 
Site Indicator Equation rL 
Before Dissolved Y= 0.04269+0.921 *BMoo 0.956 
Autlan Oxygen (Wet 
(BA) Season) 
BOD Y=l 71 .707+0.405*Msoo-3 l.51 *BMFww 0.909 
Temperature Y=8.365+0.711 *BMTEMP-0.000544*MEc 0.935 
TDS Y=- 0.93 
8.228+ 1.096*BMms+0.304*BMALK+0.04974*Mms 
EC Y=-29 .952+ 2.413 *BMms+0.429*BMALK 0.976 
pH Y=5.401+0.235*Mpw0.0193 *BMrnRB- 0.85 
0.00259*BMHARD 
Cl Y= 1 l.314+0.835*BMn . 0.925 
Alkalinity Y= 34 .588+ 1.011 *BMALK 0.876 
Hardness Y= 35.999+ 1.1 l 8*BMHARD 0.925 
N03 Y = -0.0947+0.863*BMN03 0.798 
P04 Y= 0.01878+ l.068*BMpo4 0.889 
Turbidity Y=l 0.963+0 .669*BMTURB+0.02367*MTURB+ 115.2* 0.656 
Mrww 
Total Y= 533.161 +0.8*BMrcoL 0.821 
Coliforms 
Fecal Y= 506.752+0.635*BMFcoL+0.124*MrcoL 0.839 
Colifoms 
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Table 5-13. Regression equations for predicting indicator values at Before Grullo 
Site Indicator Equation [L 
Before Dissolved Y=-0.617+0.929 BArEMP 0.825 
-
Grulla Oxygen 
(BG) BOD Y=437.117-15.384*BArEMP- 0.807 
1.48* ADrEMP+0.337*BABoo+0.725* ADBoo 
Temperature Y=2.278+0.641 *BArEMP+0.211 *ADTEMP+O.O 171 BA00 0.888 
TDS Y=9.187+0.619*BAEc 0.97 
EC Y=14.355+0.968*BAEc 0.97 
pH Y=0.182+0.529* ADpH+0.455*BAPH 0.898 
Cl Y=-4.562+0.22* ADcL + 1.058*BAcL 0.951 
Alkalinity Y=7.376+ 1.012*BAALK 0.893 
Hardness Y=-45.615+0.913 *BAHARD+0.258* ADHARo 0.858 
N03 Y=-0.252+0.896*BAN03 0.762 
P04 Y=0.01045+0.401 *ADpo4+0.611 *BAPo4 0.692 
Turbidity Y=0.285+0.355* ADrURB+0.465 *BArURB 0.778 
Total Y=660.315+0.921 *BArcoL +0.09461 * ADrcoL 0.94 
Colifoms 
Fecal Y=-210.146+0.826*BAFcoL +425.741 *BAFLow 0.842 
Coli forms 
Table 5-14. Regression equations for predicting indicator values at Achacales 
Site Indicator Equation rL 
Achacales Dissolved Oxygen Y=l .35+0.782*BG 00 0.778 
(ACH) BOD Y=l 77.668+0.874*BG 8 o0- 0.874 
5.6876*GDrEMP 
Temperature Y=4.925+0 .582*BDrEMP+0.206* 0.817 
BG00+0 . I 806*GDrEMP 
TDS Y=O. 721 + I .07*8Grns 0.939 
EC Y=-2.004+ l .09*8GEc 0.948 
pH Y=- 0.901 
0.31 I+0.646*GDpH+0.396*BGpH 
Cl Y=25.624+0.79*BGruRB- 0.919 
6.911 *BGFww+0.121 *GDcL 
Alkalinity Y=-2.763+ 1.199*BGALK 0.888 
Hardness Y= 0.868 
62.983+0.766*PGHARD+0.09222* 
GDHARD 
N03 Y=0.524+ 1.021 *BGNor 0.78 
0.628*GDpo4 
P04 Y=0.01255+0.53*BGp 04+0. l 84* 0.719 
GDro4 
Turbidity Y=30 .574+0.894*BGruRB- 0.881 
6.572*BGn ,ow 
Total Coliforms Y=381.737+0.93*BGrcoL 0.849 
Fecal Coliforms Y=555.858+0.806*BGrcoL 0 .862 
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Table 5-15. Values of oxygen deficit saturation at BA site 
Month Oxygen of deficit 
saturation 
November 6.85 
December 6.9 
January 6.86 
February 7.05 
March 7.12 
April 7.11 
May 7.03 
In addition to indicator estimation , at each site, point sources or inputs for water 
quality modeling were estimated using the WQI produced in Stella (Figure 5-19). At 
point 1 are inputs of indicator concentrations ; point 2, estimated point values based on 
information in Table 5-5; point 3 is the result of multiplying point values by a weighting 
factor estimation described in Table 5-5; point 4 calculates the WQI by dividing total 
summed points (3) between the total summed weighting factors. Figure 5-20, shows the 
estimation for BAe site from data of BM and M. 
1 2 
Indicators Point Values 3 
BM BM Weigth 
~ WQI-BM 
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Figure 5-19. Part of Stella model that outline WQI estimation 
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To test and validate the water quality model, data from October 2000 to October 
2001 were used as model input of model. Nash Sutcliffe (Nash and Sutcliffe, 1970) and 
regression coefficient (R2) efficiency model was used to compare field and estimated 
data. Table 5-17, shows the results for testing with both efficiency models when 
comparing WQI for field and estimated data. There are low reductions for both 
coefficients from the BA to BG to ACH, due to that BG is calculated with estimated 
values from BA, and ACH from estimated data from BA and BG, causing the error from 
estimation in the upstream site to accumulate at the last site. However, I considered that 
values obtained from these coefficients were acceptable to model and for an understand 
how water quality changes along the River by the discharge of pollution from point 
sources sites . Figure 5-21, shows the relationship between field measured and estimated 
data compared with the 1: 1 line. 
Conclusions 
Although biological conservation of the Ayuquila River is increasingly important , 
it has been affected by two main impacts , water diversion and pollution contamination. 
Dewatering the Ayuquila River at Corcovado site has an important affect on River 
ecological continuity , blocking the movement of fish between upstream and downstream 
of the Corcovado Diversion Dam. In addition to the dewatering, the high flow variability 
caused by storing and diversion of water had change the hydrological patterns, with the 
results that the River has more water in the dry season than normal because of irrigation 
return flow and less water principally at beginning of the rainy season, during June and 
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July due to water storage at Trigomil Dam. These irregular hydrological patterns make it 
difficult to model their impacts on water flow and downstream water quality. For this 
reason, it will be necessary to develop a research program that could describe the impacts 
of water diversion and irrigation return flow to groundwater and its relation to the River 
flow recovery. 
Changes in hydrologic patterns influenced River geomorphology, because storing 
water in Trigomil Dam controls seasonal flooding in the Ayuquila River, resulting less in 
less change and diversity in bed load as indicated by particle size distribution. Also, this 
lack of variation in flow velocity could result in lower turbulence in the River increasing 
water temperature and reducing oxygenation. 
Water quality was affected by the organic discharge of Mill and sewage from the 
Autlan Drain and Grullo Drain. However, the major impact occurred after the Mill 
discharge drastically dropping the dissolved oxygen content in the River and this could 
limit the development of aquatic organisms. The effect of the Autlan Drain discharge to 
the River was less visible because the River was already affected and the difference in 
dissolved oxygen was from low dissolved oxygen to very low dissolved oxygen or zero 
dissolved oxygen. Impact from the Grullo Drain was less because at the Achacales site, 
the River is wider and the size of bedload particles increased with the results that 
increased oxygenation occurred which we measured this increase in dissolved oxygen 
could increase the rate of organic matter decomposition. However, if we compare what 
the water quality is before the point source discharge at the BM site with the Achacales 
site, dissolved oxygen is totally depleted. 
Table 5-16. water quality index from field and estimated data. 
WQI-BA WQI-BAe WQI-BG WQI-BGe \VQI-ACH WQI-ACHe 
35.5 35.4 32.4 32.2 32.3 33.7 
30.5 31.9 31.1 29.3 33.1 31.5 
30.1 31.8 27.6 27.8 30.2 30.1 
29.7 33.8 28.4 27.7 30.6 29.9 
28.6 29.7 28.5 27.6 30.7 30.2 
31.7 31.6 30.1 29.3 32.0 32.2 
37.5 36.3 33.6 33.8 36.9 34.0 
37.3 35.G 29.2 33.5 34.8 33.5 
38.8 35.9 34.8 33.8 35.6 34.6 
44.4 40.9 37.8 38.3 37.9 38.5 
39.8 38.3 35.4 33.6 38.1 35.5 
39.0 37.4 36.7 35.2 37.6 36.8 
42.6 40.3 38.4 38.3 36.6 38.7 
Nash tno(lel 0.82 Nash model 0.82 Nash model O.i38 
Ri 0.92 R~ 0.83 R~ 0.78 
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Figure 5-21. WQI for field and estimated values along the river. 
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The water quality model developed needs to be improved so that we could predict the 
dissolved oxygen after point-source discharges . More detailed data collected at 
sampling points close to point-source water mixing is necessary to understand and model 
the deoxygenating rate of the River caused by increases in temperature and organic load 
from point-source discharge. Although the model developed for the Ayuquila River is 
an important tool for the understanding of the dynamics of the River, it also can be useful 
to governmental technicians , land managers and politicians for a better understanding of 
how the River is impacted, and what alternatives to control point source pollution could 
be explored. 
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CHAPTER6 
GENERAL CONCLUSIONS 
170 
The Ayuquila River watershed is important to western Mexico because of its 
biodiversity, physiography , fisheries resources and as a water producer. However, 
human activities are continuingly affecting natural resources within the basin. Soil 
erosion as result of land use change , agriculture in steep land , extensive grazing activities 
and forest fires and water diversion and pollution of the Ayuquila River are two relevant 
issues that have affected the natural resources of this watershed . 
Local communities that live along the River , some of the poorest in the state of 
Jalisco , have identified a number of problems associated with water pollution. These 
include negati ve impacts on fishing resources , wildlife , public health , livestock , 
recreation , and domestic water supplies . Efforts from communiti es and local authorities 
had been hampered by a lack of information about the extent and magnitude of River 
degradation and limited availabilit y of information on mechanisms by which the 
degradation takes place . 
This research was focused on the reduction of River pollution and to reduce 
negative impacts of water pollution delivered to those communities , some of the poorest 
in the state of Jalisco , that live downstream of the valley. This research was also 
designed as a way to increase the knowledge of soil erosion processes and water quantity 
and quality in tropical environments and to test and develop new tools that might 
facilitate parameter estimation and predictive capabilities within the Ayuquila River 
watershed. Research efforts had focused on the development of new scientific 
information about point and nonpoint-source pollution within the Ayuquila River based 
171 
on three main research studies, the investigation into trail erosion, the production of an 
erosion sensitive map and documenting and modeling water quantity and quality in the 
Ayuquila Watershed. 
Results from the commercial trail study, with sediment productions close to 100 
ton/ha/yr, showed the importance of the application of conservation practices to reduce 
the potential erosion from commercial trails in my study area and potentially other 
tropical forests of Latin-American. Results obtained with this research coincide with 
those found by Wallin and Harden, 1996, in humid tropics with rates of runoff generation 
and soil particles detached significantly higher on trails and that runoff occurs frequently 
on trails , but only rarely off-trails . The Biosphere Reserve Sierra de Manantlan restricted 
new road development within its boundary ; however , trails are not considered in this 
restriction. New ecotourism projects are in the process of development that will involve 
the use of trails for educational and recreational purpose. Information generated from 
this dissertation will contribute to the requirement of conservation practices for the 
prevention of soil erosion and sedimentation of nearby streams . It may not be possible 
to limit the extent of commercial trails , simply because they are an important way of 
communication for small villages in mountainous areas. However , governmental 
agencies could pay more attention to protect erosion sensitive areas that are crossed by 
these commercial trails . 
The WEPP model used to predict soil eros10n m the tropical mountain 
environments of Mexico was shown to be an adequate tool even with WEPP's limitations 
for tropical soil environments . WEPP effectively contributed to the estimation of 
sediment plume production on trails , detected vegetation type differences in runoff and 
172 
soil erosion, predicted the amount of rainfall as runoff well and adequately developed soil 
erosion sensitive maps. Important points to review and improve in the model are the 
affects of organic matter in tropical soil for runoff production, the plant growth model 
for forested conditions, the ability of model to manage different widths of overland flow 
elements and to develop an interface of the model with GIS. 
Water diversion and poliution within the Ayuquila River are important sources of 
disturbance in the ecological conditions of riparian ecosystems. These two impacts 
cause a potential break in the ecological continuity of the Ayuquila River. The River 
segment between El Corcovado to Achacales experiences different hydrological and 
water quality conditions that likely limit the fish development. From El Corcovado to 
Before Mill three conditions were present , high water quality at the beginning of the 
valley , followed by dewatering of the River due to irrigation and at Before Mill there 
was flow recovery but with poorer water quality than that entering the valley at the 
Corcovado Site. After Before Mill there was a depletion of dissolved oxygen in the 
water that could constitute a barrier to fish movement and finally after the River leaves 
the valley, water quantity and quality improvement occurs that allows fish population to 
exist again . Information generated from this research will provide data interpretation 
that might influence changes in river management at the Ayuquila Water Commission (a 
commission responsible for planning water use within the watershed with local users). 
Water quantity and quality modeling will provide opportunities for discussion and 
analysis of alternatives to water management and possible impacts to the River. 
This dissertation does not represent the end of a research process, by contrast, it is 
the beginning of a long-term process to use water in the way that can contribute to 
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increases m crop production and economic development, while simultaneously 
maintaining biotic integrity of the River and reducing or eliminating the impact on 
downstream communities actually affected by water pollution. As part of this research, 
new research proposals have been identified and generated that could link in an holistic 
way the use and quality of water in the Ayuquila River. 
Development of this dissertation also contributed to solving water pollution 
problems by documenting and reporting massive fish kills that resulted in the curtailment 
of chemical discharge directly into the River, the same chemical that was used to clean 
Mill machinery two times a year.. The last spill occurred in 1997, allowing the 
development of superior conditions for fisheries downstream thus supporting the 
communities where fish form an important part of their nutrition. Also my involvement 
in the local planning process contributed to a better definition of state and federal funding 
to control water pollution in the Ayuquila River, and helped to establish a local group 
with farmers and Mill authorities to look for alternatives to managing residual water from 
agriculture instead of simply sending it to the River. This effort resulted in reduced 
pollution sent to the River and improvements should be completed by 2003. 
